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ABSTRACT 
The application of computerised tomography in non-destructive 
testing, in emission and transmission mode, utilising X- and gamma-
rays is the subject of this study. Measurements for tomography 
using X- and gamma-rays and the operation of radiation detectors 
are based on photon interactions with matter and the theory govern-
ing these interactions is.discussed. The theory of the mathematical 
reconstruction of a two dimensional distribution from its projections 
is shown and reconstruction technjques and applications reviewed. 
The pri nci pl es _of radiation detecti.on and. measurement are 
presented in order that the physical significance of the data recorded 
can be assessed. Detection characteristics pertinent to imaging 
applications .were measured for a number of detectors (e.g. Nai, BGO, 
CsF, HPGe, CdTe). The importance of these characteristics in 
determining the suitability of detectors for imaging applications 
are discussed. The relative merits of each detector type are compared 
and their relative suitability predicted. 
A prototype scanning rig was designed and used to carry out 
tomography experiments with phantoms in emission and transmission 
mode and contrast and spatial resolution under various conditions 
were determined. 
The usefulness of line scans and contrast measurements in 
quantitative image analysis is shown. 
J The effects of scattered photons on image quality are studied 
by means of the selection of different discriminator energy windows. 
In each scan the counts within the full width at half and tenth 
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maximum of the photopeak were used as the data .for the reconstruct-
ion. A method for subtracting the scattered photon contribution 
from ·the peak window is also ､･ｶ･ｬｯｾ､＠ and its successful application 
demonstrated. The results obtained from the scanning experiments 
illustrate the image degradation caused by scattered photons. The 
effect of scattered photons increase with energy and are more acute 
in emission mode. 
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CHAPTER 1 INTRODUCTION 
. The fundamental aim of tomographic methods is to produce an 
image of a slice through an ob3ect which is free from interference 
effects from underlying and overlying planes. For many years focal 
plane tomography in which the underlying and overlying layers are 
blurred whilst the slice of interest is kept in focus was employed 
[Socage, 1921; Anger, 1968] before computerised tomography was 
introduced. However, the complete elimination of the effects from 
neighbouring layers is not possible using this non-reconstructive 
method. 
The basic principle of computerised tomography is that the 
internal structure of an object can be reconstructed from the infinite 
set of all possible projections of the object. The mathematical 
theory governing this principle, that is, that a two or three dimens-
ional object can be reconstructed from the infinite set ·of its 
projections, was proved by an Austrian mathematician, J. Radon 
[Radon, 1917] working on gravitational theory in 1917, 55 years before 
the introduction of the first commercial computerised tomography 
system [Hounsfield, 1973]. 
The first application of mathematical .reconstruction was in 
radioastronomy in 1956 [Bracewell, 1956] which was later followed 
in several other fi.elds including optics and electron microscopy 
[Rowley, 1969; De Rosier and Klug, 1968]. However it is its applicat-
ion in medicine that has had the greatest impact and provided the 
impetus for widespread research [Hounsfield, 1973; Shepp and Logan 
1974; Budinger et al., 1974; Dubal and Wiggli, 1977]. 
- . J · - . . . :·, ------ - __ _ j 
. , 
ｩＮｾｾｲ＠ . 
［ﾷ［ｾｻＭ :· 
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The measurement of projections is by means of the detection 
of a "probe 11 which may originate within, be transmitted through or 
be stimulated within the object. A projection is therefore either a 
measure of properties of the materials comprising the object which 
govern the transmission or stimulation of the probe er is the 
concentration of the probe i tse 1 f.·· 
The number of types of probes used in imaging is large and 
continues to increase, including: nuclear magnetic resonance [Shepp, 
1980; Crooks et al., 1982], electrical impedance [Price, 1979], 
therma 1 microwaves [Schultz., 1979], X-ray fluoroscopy [Patton et a 1., 
1980; .Baily, 1979] and pions [Williams and Leith, .1980]. 
However, the probes that have been most widely applied in both 
medical and non-medical fields, and have therefore been the subject 
of a very 1 arge number of research studies, are X- and y-rays. X- Ｈｾ Ｏ＠
and y-rays have been extensively employed in transmission and emission 
tomography systems since the very start of medical i·maging [Kuhl and 
Edwards, _l963; Phelps, 1977; Williams and Knoll, 1979; Muehllehner 
et al., 1976; Hoffman et al., 1981; Kuhl et al., 1976; Hounsfield, · 
1973]; the application of Compton scattered photons has also been 
studied [Clarke a·nd Van Dyk, 1969; Stokes et al., 1981; Harding, 1982]. 
Although the mathematical reconstruction of images was first 
applied in non-medical fields [Radon, 1917, Bracewell, 1956; De Rosier 
and Klug, 1968], since then the majority of research studies and hence 
the 'major advancements have been made with respect to medical imaging 
applications. However, more recently as the technique of computerised 
tomography has become more widely appreciated the .range of applicat-
ions in non-medical fields, particularly for non-destructive testing 
. in industry, has expanded ｾｲｵｧ･ｲＬ＠ 1981; Sanderson, 1979; Schlosser 
et al, 1980; Hopkins et al., 1981]. ! 
l 
. . - - - ·---- _.j 
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In im.aging systems where X- ;or' y-rays are the probe, as in 
this study, the detection and measurement of photons forms the basis 
of the imaging process. It is therefore important that the funda-
mental principles of radiation detectors are studied and that the 
physical significance of the data recorded is fully understood. 
Traditionally the performance of detectors incorporated into imaging 
ｾｹｳｴｾｭｳ＠ is evaluated with. respect to their efficiency and little or 
no consideration is given to other important detection character-
istics. 
However, image quality not only depends on the number of photons 
recorded but also on the nature of the photons 
with respect to the interactions they have undergone before detection, 
that is, the quality of the data used in the reconstruction process 
is more critical to image quality than -the -quantity. Principally, 
the type of photons that reduce the qua 1 i ty of the data are_.:scatte.red 
photons which are recorded -as -primary ｰｨｯｴｯｮｳｾ＠ This occurs in most 
conventional imaging systems having detectors operating in both 
current and pulse mode. 
In current mode operation, which is that employed in the 
majority of commercial transmission scanners, the detector signal 
represents the integrated current which corresponds to the detection 
of all photon energies and hence no information on the type of photons 
｣ｯｮｳｴｩｴｵｴｩｾｧ＠ the ､｡ｴｾｩｳ＠ recorded. Conversely, in pulse mode operat-
ion the size of each pulse depends on photon energy and energy 
discrimination can be employed in order to select photons correspond-
ing to the energy of the primary photons. The number of scattered 
photons accepted within an energy window corresponding to the photo-
- 4 -
peak depends on its width and therefore the precise selection of 
. the window is a means by which the number of scattered photons 
recorded can be minimised. However, at present in commercial 
scanners the discriminator energy window is normally selected to 
cover as large a portion of the photopeak as possible in order to 
increase the total recorded counts and no consideration is given to 
the number of scattered photons contributing to this window. 
The application of computerised tomography to non-destructive 
testing has generated considerable interest at AERE, Harwell, where 
this research programme originated, and forms the basis of this study. ,1 
It is proposed that tomographic ｴ･｣ｨｮｩｱｵ･ｳ Ｚ ｾｯｵｬ､＠ be routinely 
employed at AERE to examine· various industrial -samples such as fuel 
rods and waste bins in both transmission and emission mode using X-
and gamma-rays. 
Since the attenuation coefficients -of -the -mater-ials comprising 
industrial samples --are .normally higher than those- in medical imaging 
the energy of the radiation used must also be higher. The-combined 
effect .of high gamma ray energies and high atomic numbers of the 
samples is to produce a large number of scattered .photons within the V 
object. Therefore, the precise selection of data is particularly 
crucial in industrial tomography in order to minimise the number of 
scattered photons recorded by the detector and hence optimise the 
quality of the data which are used in the reconstruction process. 
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CHAPTER 2 THE THEORETICAL BASIS OF RADIATION IMAGING AND 
RECENT DEVELOPMENTS 
2.1 The Theory of Interactions of X- and Gamma Rays ·in Matter 
2.1.1 Introduction 
Gamma rays and X-rays are two forms of electromagnetic radiation 
differing only in their origin: gamma radiation is emitted by excited 
nuclei in their transition ·to lower nuclear levels whereas X-rays are 
produced as characteristic X-rays by transitions from excited to ground 
states of the orbital electrons or as Bremsstrahlung by the deceleration 
of electrons. 
Several types of photon interactions are possible and the proba-
bility that a particular one will occur is dependent on photon energy 
and the density and atomic number of the material. Interactions are 
either with whole atoms or with the constituent electrons or nuclei 
and result in either absorption or .scattering of the photon. 
The most important interactions for the energy range from a few 
keV to 5 MeV are the photoelectric effect,- scattering by atomic electrons 
and pair production. Other processes that can occur are: 
(i) nuclear Thomson scattering - this -is the coherent scattering 
.of photons by the whole nuclear charge and 'the 'cross-sect-ion 
is given by 
l+cos 2 e 
2 (2 .1) 
where e = scattering angle, Z and A are the atomic number 
and mass of the scattering centre (nucleus). The effects 
of nuclear Thomson scattering are small compared with Thomson 
- 6 -
scattering from electrons due to the inverse mass depend-
ency of the cross-section. 
(ii) Delbruck scattering - this results from virtual pair 
production in the nuclear Coulomb field and the cross-
section, whilst being very small, increases rapi.dly 
with increasing photon energy. 
(iii) nuclear resonance .scattering- this arises when the energy 
of the incident photon coincides with the energy difference 
between an excitation level and the ground state of the 
scattering atom and then the energy levels of the nucleus 
are excited by resonant absorption of gamma photons and 
gamma rays are emitted in the following de-excitation. 
(iv) nuclear photodisintegration - in this class of processes 
photons are absorbed by -the ... riutTei and nu·cleCY.ns are · ejected · 
from the nucleus {e.g. (y,p), (y,n)). This is only energet-
ically possible at high photon·energies (> 8 MeV) and even 
then the cross-section is negligible compared ·with the 
Compton effect and pair production. 
2.1.2 Photoelectric, absorption 
In the photoelectric absorption process an incoming photon under-
goes an interaction with a bound electron and the photon energy is 
completely transferred to the electron which is ejected .from its bound 
she 11 • . The energy of the photoe 1 ectron, Ee, is given by 
E = E - Eb e Y (2.2) 
where EY = the incident photon energy and Eb = the binding energy of 
the ejected electron. The interaction also ·creates an ionised atom 
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with a vacancy in one of its bound shells. This vacancy is filled by 
the capture of a free electron from the medium or.by rearrangement of 
electrons i·n other shells and hence characteristic X-rays may be 
generated or, less frequently, the emission of Auger electrons may 
occur. 
Photoelectrons may be ejected from any K, L, M ...• shells but 
a free electron cannot absorb a photon and become a photoelectron since 
a third body, the nucleus, is necessary for conserving momentum. There-
fore the probability of photoelectric absorption increases rapidly with 
the tightness of ｢ｩｾ､ｩｮｧ＠ of the electron so that at energies greater 
than the binding energies of K and L shells the absorption due to outer 
shells is negligible (e.g. 80% of photoelectric absorption takes place 
in the K-shell when energetica11y possible). Furthermore, for a· given 
shell, the interaction is largest for photon energies just above the 
ionisation potentials for the shell and falls off rapidly with ､ｾ｣ｲ･｡ｳｩｮｧ＠
energy. because the photon energy then becomes smaller than the binding 
energy of some of the electrons and therefore the number of electrons 
for which the process is energetically possible is suddenlY reduced. 
Calculations of the dependence ·of the photoelectric absorption 
｣ｲｯｳｳＭｳ･｣ｴｩｯｮｾ＠ oPE' on atomic number Z and photon energy ｅｾ＠ have been 
extensively reported [Heitler, 1953; Evans, 1955] but no single analyt-
ical expression exists . which is valid over all ranges of E Ｍｾｮ､＠ Z, how-
Y 
ever, an approximation is 
zn 
o:-
E m 
y 
(2.3) 
The value of the exponent m depends on both E .. and Z. At energies y 
less than 0.1 MeV the cross-section is complicated by ·the absorption 
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edges where the cross-section shows discontinuous jumps. At energies 
greater than 0.1 MeV m varies between 3 and 3.5 and .is greater for 
lower ･ｮ･ｲｾｩ･ｳＮ＠ For a given energy range m is higher for low Z and 
decreases with increasing Z [Evans, 1955]. 
The value of the exponent n varies between 4 and 5 and depends 
onE. In the energy range 0.1 to 3 MeV n is found to increase from y 
4.0 to 4.6 as E increases [Evans, 1955]. y 
The linear attenuation coefficient is given by 
where N = the number of atoms/mm3. 
{2.4) 
The energy absorption coefficient, allPE' for the photoelectric 
effect is equivalent to the linear attenuation coefficient since the 
remaining fraction of the photon energy not converted into kinetic 
energy of the photoelectrons represents the excitation energy in the 
residual atom and is given up as characteristic X-rays or as Auger 
electrons. These are both absorbed within a distance comparable with 
.the range of the photoelectrons so that the effective energy absorption 
;·s represented by llpE, i.e. 
{2.5) 
2.1.3 Coherent scattering 
Coherent scattering occurs between photons and both free and bound 
electrons. 
Thomson [1929] theoretically evaluated the -cross-section for the 
scattering of electromagnetic radiation from free electrons using the 
classical theory and a model based on the following conditions: 
"j 
I 
I 
.: __ _j 
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(i) the atomic number of the scattering material is small so 
that the electrons are effectively free 
(ii) the incident energy must be greater than the binding 
energy of the electron (Eb) since atomic restoring forces 
on the electron are neglected 
(iii) the incident energy must be non-relativistic {v/c << 1) 
so that the magnetic interaction can be neglected in 
comparison with the electric interaction, therefore the 
inequality Eb << E << 511 keV must be satisfied. y . 
Each electron is considered to respond to the electric vector of 
the electromagnetic wave and the electron oscillates with the same 
frequency as that of the incident radiation of the same energy. The 
differential cross-section, which is the fraction of the intensity 
scattered into the -solid angle dst by a single electron wi-th scattering 
angle $, is given by 
(2.6) 
Rayleigh scattering from bound electrons occurs when the wavelength 
of radiation incident on an atom is comparable to or larger than the 
dimensions of the atom. The bound electrons will then ·oscillate in 
phase and the scattered radiation re-emitted by each electron will also 
be in phase. The electrons can be considered as one particle of charge 
Ze .and mass Zm and the cross-section for Rayleigh scattering is Z2 that 
of a si·ngle electron. The differential cros·s-section is.given by 
(2.7) 
, ',· r ｾＭﾷﾷｦＧ ＧＺ ﾷ＠
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where F(x,Z) is the form factor and is a function of the atomic number 
of the scattering material and the momentum transferred to the lcattering 
atom, which is itself a function of photon energy and scattering angle. 
The value of the form factor decreases rapidly with energy since the 
probabi 1 i ty of momentum tra'nsfer without energy absorpti·on decreases 
and, for the same ｲ･ｾｳｯｮＬ＠ F(x,Z) decreases as scattering angle increases 
with the result that 60-70% of .Rayleigh scattering causes deflections 
of less than 30° in most materials. 
2.1.4 Incoherent scattering 
Incoherent scattering results in a photon of a di'fferent energy 
to the incident beam and is known as Compton scattering. 
The Thomson .theory of scattering of very low energy photons by 
free electrons is described classically (section 2.1.2) for non-
relativistic ener.giesp "As the photon energy approaches m0c2 the theory 
is no longer valid and -a relativistic scattering theory is required 
which takes into account the momentum transfer from the .incident photon 
to the electron. 
Compton derived a theory of incoherent scattering {1923) and by 
. the application.of the conservation of energy and momentum showed that 
the energy of a scattered photon, E •, at scattering angle e i·s given y 
by 
E E I = ---....--__:...Y __ _ 
y 
1+ _Y_ (1-cose) 
m c2 0 
(2.8) 
where EY is the incident photon energy and m0c
2 (511 keV) is the rest 
mass of the electron. 
In order to obtain the cross-section for Compton scattering 
Klein and . Nishina [1929] applied Dirac's relativistic equation for the 
.. ;·_- , 
I ) 
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electron and carried out a quantum mechanical treatment of the problem 
resulting in the equation 
10 Ey' doc 
I= r2 ｾ､ｮ＠ (2.9) 
where I = the intensity of scattered photons at angle e, I
0 
= the incident 
intensity and r -= the distance from the scattering electrnn of charge e 
and mass mo, . .a-nd ·the differential scatteri·ng cr.oss-section 
Ｚｾ｣＠ = r ＯＨｬＫ｡Ｈｬｾ｣ｯｳ･ｊｽＳﾷ＠ (1+2os2eJ. (1 + ｯＺＲＨｬｾ｣ｯｳ･ＩＲ＠ ] 
( {l+cos2e)[l+a(l-cose)] 
2 
e 
where r = -- and is the classical electron radius 
o m c2 
and 
0 
E 
a=-Y-. 
m c2 0 
{2.10) 
This equation reduces to the Thomson scattering :equation -at low energies 
when a<< 1, i.e. 
2 
dac rb' 
an- = ｾ＠ (1 + cos 2e) (2.11) 
Integration of equation 2.10 over all space gives the total Compton 
scattering cross-section 
0 = 21Tr Ｍ ｾｻｬＫ｡ＨＲｾＱＲ｡Ｉ＠ _ ! R.n(J+2a))+ ··1 ·_tn(l+2a)_ - 1+3a } ｭｾＲ･ｬ･｣ｴｲｯｮＭｬ＠
c 0 ·· c/ ( + a a ｾ＠ 0 (1+2a)"2 
(2.12) 
In a thin foil of thickness dx the number of electrons/mm2 = NZdx 
where N =the number of atoms/mm3 and Z =the number .of .electrons/atom. 
If an incident beam of monochromatic photons contains n photons then the 
number of photons removed from the beam is given by 
------- 0 _______________ _____;:___'----___:_;,::.......,;,_; _ ...;...,__..;_ _ ..................... 
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dn 
- -- = NZ dx cr n c (2.13) 
then the number of unscattered photons, n•, transmitted through a 
thickness x is given by 
·n• = n exp(- PcX) (2.14) 
where 
,. = NZ cr ｾ｣＠ c 
and is called the total linear attenuation coefficient. 
The incoherent scattering by free electrons discussed above is 
only a limiting case and only applies to bound electrons when the 
binding is small compared to the photon energy. In the more general 
case,· particularly at low photon energies (< -150 keV), the effect of 
binding energy of the ·electrons and their motion and distribution within 
the atom must be considered. 
The cross-section for incoherent scattering from: bound electrons, 
li.ke the cross-section for coherent scattering from bound electrons 
(section 2.1.3, Rayleigh scattering), can be expressed in . two parts: 
the first factor is the probability that the photon scatters from a free 
electron and the second depends on the amount of energy absorbed by the 
scattered electron. For incoherent scattering the first factor is the 
ｾ･ｴｮＭｎｴｳｨｩｮ｡＠ cross-sectiOn (equation 2.10) and the second is the 
incoherent scattering factor S which is related to the probability that 
an electron absorbs energy and i·s either excited or leaves the atom 
and ｣｡ｮ ﾷ ｾ｢･＠ expressed as a function of the atomic form factor and Z. 
I · 
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Therefore the generalised cross-section for incoherent scatter-
ing from bound electrons is given by 
mm2atom-l 
The Compton linear attenuation coefficient can be written as 
where ｡ｾ｣＠ and ｳｾ｣＠ are the absorption and scattering coefficients 
respectively. 
(2.15) 
The significance of ·t ·hi".s 'distinction between scattering and 
absorption coefficients is particularly· important in -Compton scattering 
since only the absorption coefficient represents the detectable effects 
of the interaction process which are caused .by Compton electrons, and 
the .detection of scattered photons depends on further interactions. 
The energy absorbed per :unit ·volume -.of -an--absorber as-: -:a :·r:esult of 
Compton .interactions is ·equa 1 to -I. a ｾ｣＠ ·where I is the incident intensity. 
2.1.5 Pair production 
In the pair production process the photon disappears and a 
positron-electron pair is .produced. For the event to occur the photon 
energy must be greater .than the total rest mass of the pair, that is, 
2m 0c
2 
= 1.022 MeV. The process .can only occur in the coulomb field of 
the nucleus .which is required for conservation of momentum. The total 
energy of the electron-positron pair is equal to the .photon energy .E y 
with the .excess energy above 2m0c2 going as kinetic energy (KE) shared 
by the electron and positron, i.e. 
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There is no simple expression to describe the pair production 
cross-section but its magnitude is proportional .to the square of the 
atomic number of the absorber, Z, and the natural logarithm -of the 
incident photon energy, E, i.e. y 
mm2/nucleus (2.17) 
The linear attenuation coefficient for pair production is simply 
the product of opp and the number of ｡ｴｯｭｳＯｭｭ Ｓ ［ ｾ ｎＬ＠ therefore 
mm- 1 (2.18) 
In pair production only a portion of the .photon energy appears 
immediately as kinetic energy of the electron-positron pair so that the 
absorption coefficient, aPpp' can be written - ·· . ｾ ＭＭ
(2.19) 
and the remaining 2m 0c2 of the photon energy is given up -when -the 
positron annihilates with an electron after being slowed down by ion-
ising and radiative collisions. Therefore the .total pair production 
cross-section can be written 
Ppp = aPpp + sPpp (2.20) 
where sPpp is the pair production scattering coefficient given by 
2m c2 0 
sPpp = Ppp E (2.21) 
y 
However, sPpp is generally negligibly small at low energies (< 3 MeV) 
due to the dominance of the Compton effect and at higher energies because 
2m c2 . 
ｾ｢･｣ｯｭ･ｳ＠ small, therefore it can be assumed that 
y 
(2.22) 
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2.1.6 Total attenuation coefficients 
The probability that a photon will interact when passing through 
matter is given by the attenuation coefficient. The linear attenuation 
coefficient ｾｴＨｭｭＭ Ｑ Ｉ＠ is the interaction probability per unit length 
which is related to the atomic cross-section, a, by 
mm- 1 (2.23) 
where N =the number of ｡ｴｯｭｳＯｭｭｾ＠ NA =Avogadro's number, p =the 
density and A = the atomic mass. 
The mass attenuation coefficient, ｾｭＨｭｭＲｫｧＭＱＩＬ＠ is given by 
a NA 
ｾｭ＠ = --,s:-
and therefore 
(2.24) 
(2.25) 
The interaction of gamma radiation .with matter.,-js -- characterised 
by the fact that each photon interacts individually in single events. 
Therefore the number of photons removed from a beam either by scattering 
or absorption, di, is proportional to the thickness of the material dx 
·and the number of incident photons I, i.e. 
For a homogeneous material and monochromatic gamma rays, ｾｩ＠ will 
be constant and integration of equation 2.26 gives 
(2.27) 
where I = the number of photons remaining from the incident beam 
containing 10 photons after ｴｲ｡ｶ･ｾｳｩｮｧ＠ a thickness x of the absorber. 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭ Ｍ Ｎ＠ . 
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Therefore a collimated gamma ray beam of a particular energy passing 
through a medium follows an exponential law of attenuation. 
Due to the fpct that the interaction processes are ;·ndependent 
of each other the total linear attenuation coefficient taking into 
account all possible contributing processes is 
(2.28) 
Therefore if a collimated beam of monochromatic photons of initial 
intensity 10 passes through a medium of thickness x the intensity of 
primary photons that undergo no interactions of any kind is 
{2.29) 
where the total linear attenuation coefficient, llt(TOTAL)'. is the sum 
of the . coefficients for all ··possible· interaction processes .and for the 
energy range 0.01 to 10 MeV is . given by 
(2.30) 
where 11R' 11PE' llc and llpp are the· total linear coefficients for Rayleigh 
scattering, photoelectric absorption, Compton scattering and pair 
production respectively. Si.milarly, the intensity of primary photons 
not absorbed along the path x within a medium is 
(2.31) 
where Pa(TOTAL) .= the energy absorption coefficient which is a smaller 
quantity than ·llt{TOTAL) (section 2.1.4). 
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The relative magnitudes of the interaction.processes in equation 
2.30 for water and lead are shown in figure 2.1 (a) and (b) and 
figure 2.2 illustrates the relative importance of Compton scattering, 
photoelectric absorption and pair production as a function of atomic 
number and photon energy. Three areas are defined on the ·plot within 
which photoelectric absorption, Compton scattering and pair production 
each predominate and the ｬｩｮ･ｳ ｾ ､･ｦｩｮｩｮｧ＠ the regions represent the 
energies where the coefficients of the neighbouring .areas are equal. 
It is clear from these two graphs that the photoelectric effect 
.predominates for high Z and low photon energy, pair production for 
high Z and high photon energy and Compton scattering for the entire 
domain of intermediate Z and photon energy. 
The primary attenuati·on of gamma rays· in chemica 1 compounds· or 
mixtures of.elements .is assumed to depend on the sum of the cross-
sections of all the .atoms ·in -the mixture and be independent of the 
physical . state si·nce chemical bonds are . only of -the order of .a few 
eV and hence have .. no s-i-gni-fi-£ant- effects ·on photoelectric, · Compton or 
pair production interactions. Therefore the total mass attenuation 
coefficient, 11M' can be calculated from 
11M = r w • < 11 ) • 
, 1 1 m 1 
(2.32) 
where W; = the weighting factor for element i with mass attenuation 
. coefficient (11m) i and is given by 
(2.33) 
where m1 = the mass of the ith element and M is the total mass of the 
mixture. 
. ·, ... , - . 
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Figure 2.1(a) Linear attenuation coefficients for photons 
in water [Evans,l955] 
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ｾｩｧｵｲ･＠ 2.1(b)-Linear attenuation coefficients ｦｯｾ＠ photons in 
lead [Evans,1955] 
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Fi:.gure 2.2 The relative importance of the three major 
types of gamma interactions as a function of atorrdc 
number and photon energy [Evans,l955] 
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2.2 Theory of Reconstruction from Projections 
2.2.1 Introduction · 
The mathematical theory that a two or three dimensional object 
could be reconstructed from an infinite set of all its projections was 
shown i·n 1917 by Radon who was concerned with gravi tati·ona 1 theory 
[Radon, 1917]. The first exampleof mathematical image reconstruction 
from projections w·as in radioastronomy in 1956 when Bracewell constructed 
a solar map for microwave emission from ray projections [Bracewell, 
1956] .. (However it is worth noti'ng that Bocage had .produced images by 
focal plane emission tomography, though not by reconstruction, in 
+ · - . ... Ｇｾ＠ ... ·, ,.. 
.. medicine in 1921 [Bocage, 1921]). The reconstruction prob'l em has a 1 so 
arisen and been independently solved in several fields including electron ··· 
microscopy [Gordon et a.l., 1970; De Rosier and Klug, 1968], ·optics 
[Rowley, 1969] and medicine [Kuhl and Edwards, 1963; Cormack, 1963; 
Hounsfield, 1973]. 
Reconstruction lechniques fall into three ｢ｲｾ｡､ ﾷ ｣｡ｴ･ｧｯｲｩ･ｳＺ ﾷ＠
(i) Summation techniques 
(ii) Iterative techniques 
(iii) Analytical techniques. 
The summation method, known as back Rrojection, was used in the 
ＢＧｾ Ｍ ﾷ ＭＭﾷ＠ ... ﾷ Ｍ ﾷＭ ＭＭＭＭＢＢ ｾ Ｎ ＭＭＭＮＮＮＭＭＭ Ｍ Ｍ .... ·----··, ..... __ ... _ ........ .. _ ... ｟ｾ＠ .. ＮＮＮＮＮＮＮＮ｟Ｎ Ｍｾ＠ ... - -.. - -.. .. - ............... .. _ ..... ｾ＠ .. --•• ..-. ....... l\>-
first attempts at reconstruction from projections and Kuhl and Edwards 
produced .the first radioisotope image by this method [Kuhl and Edwards, 
1963]. 
Iterative techniques were those used by Gordon .[Gordon et al., 
1970] and Bracewell [Bracewell, 1956] and were utilised in the first 
model of the .EMI scanner in 1973 [Hounsfield, 1973] and in other early 
-· .... .. . - .. --· - .... _. ｾ ＭｾＭＧＭＭＭＭＭＭＭ］ＮＮＺＮＮＺＮＮＮＭＧＭＭＭＭＧＭＭＭｾＭＭＧＭＭＭ
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imaging applications [Schmidlin, 1972; Goiten, 1972; MYers et al., 
1972]. 
Analytical techniques were first applied to reconstruct an X-ray 
image by Cormack [Cormack, 1963] and are now widely used in X-ray 
tomography commercial scanners, and to .a lesser extent in radio iso-
tope imaging. A general characteristic of analytical techniques is 
that they utilise exact fonmulae in the reconstruction. 
2.2.2 formation of projections 
In defining the ray-sum and projection the section of the object 
of interest is assumed to be thin so that two dimensional geometry can 
be applied. 
The section of interest is described by a two dimensional density 
function f(x,y) {figure 2.3) which represents the 11near attenuation 
coefficient ll_i -i-n the case of transmission-·tomography-:and Ｍ ［ＭＭｳｾｨ･＠ · 
combination of ｴｨｩｾ＠ and ·the radioisotope concentration ｾｾＭｩｮ＠ the case of 
gamma-ray emission imaging. 
A ray is defined as a straight line through the object specified 
by its distance from .the origin, x•, and its angle with respect to the 
co-ordinate system of f(x,y), e. The integral of f(x,y) along the ray 
is called the ray-sum, p, and is given by 
p6(x') = J f(x',y')dy' {2.34) 
where (x•,y•) defines the co-ordinate system of each projection orient-
ation e and f(x•,y•) is the density distribution along the ray. A 
complete set of parallel ray-sums for constant orientation e is called 
a projection. For the case of transmission imaging the ray sum is 
- 22 -
y 
x' 
source ..... 
\. 41ll..._ .................. .... 
ｾ＠ ............... ..... 
, y 
X 
.... 
... Ｚｾｾ＠
dettctor 
y' 
x' 
y 
Figure 2.3 Co-ordinate systems: the density function is 
defined by the x,y co-ordinate system and the ray-sums by 
x' '<I> 
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proportional to the total attenuation of the ray, i.e. 
= - (2.35) 
where J9 {x') and 10 are . the transmitted and incident intensities of 
the photon beam respectively. 
In gamma-ray emission imaging p is directly proportional to the 
total detector reading {neglecting attenuation within the object which 
must also be taken into account). 
2.2.3 Summation method 
The principle of back projection can be illustrated by a simple 
analogue. In figure . 2.4 .a .. dense circular object is illuminated by an 
X- ray beam (X 1 ) and a -shadow {S 1 ) is ·formed on the X-ray film. This 
process is repeated at ｳＭ･ｶ･ｲ｡ｾ ｾ＠ .. angles around· a l80° arc so that .. several . 
radiographs are produced.· -lf a .. beam. of. light is pas-sed through each 
·radiograph the -result is ·a--:series -of lines -which -cross·: at the ｰｯｳｩｴｩｾｮ＠
of the original object {figure 2.5). 
Therefore for a given point the ·reconstructed density fb(x,y) is 
the sum of all the. ray-sums that pass through it and.can be written 
(2.36) 
The most obvious artifact of back projection is· thiwell known 
_ _ _ ___._.., ____  ,.,......, ........ .,.,_..,,.., •• .....,,...,.-..-,.,.,._._,_,_,....,r .. ·-'"""'_"._,._ ........ ｾ ＮＬ｟ＭＮＮＮＮＮＬＮ｟ＮＬ｟ Ｌ｟ Ｌ ｾ＠ .... w; , ｾ＠ . ...... .,. .... . . ., .,._,..,.._,........,,.,.. ,,.., .. ,..,. • ...,., , .... ｟ ｾ＠ . ... Ｍﾷ•＾ＧＧｾＬＮＮＬＮＬ＠ ＬＮＬＮＬ Ｌ ＮＮＮＮＬＮＮ ｾﾷ ﾷ•ＢＧＢ ＾ｾ＠ . • Ｇ＼ＢｾＧﾷ ｾ ﾷ ﾷ＠ ,, u., ... ｾ•ｾＢＢ＠ "·• .. ｾ＠ ｾ Ｍ ｾ＠ •ｯＺｲ ﾷ ｾﾷ Ｍ •＠ •.:> 
star pattern produced ｢ｾ＠ a small dense object. This is due to the 
ＧｬｵＮＭｳｾ ｉｕＧ ＮＮＬＮＬＮＮＬＮＮＮＮＮＮＮＮＮＮＮＮＬＩｩＮＴＧＮＮＮ＼ＮｾＡｯｬＧＭ Ｎ ＧｴＧＧＭＧ • ＭＢＧＧｦＧｏ ＧＢＢＢＢＢＢＧ ＮＮＮＮＮＬＧＮＮＮＮＬＮＮＮＺＮｯＮＮＭＮＮＭＬＮＮ ＮＮＮＮＺＮＮ＠ .... , . .,,...,.,,__.,. ............ ,. ... r,.,,..,...., .... ,...,_..,_,, __ ..,_.,.. ... ｾＢＢ ＧＢＧＮＮＮＬＮＮＮＧＢＧＮＮＮＮＮＬＮＮＬＮＬＢ ＢＧＧＧ ＢｾｾﾷﾷＮＮＬＬｾＬＬＭＮＮﾷ Ｌ ＬＮＮＭＬＬＬＮ｟ＮＮＬＮ｟ＮＮＮＮＮＮＬＮＮ Ｌ＠ • ., _ _,..,..... ....... ＮＬＮ ＮＬＮＮＮＭＮＮＭ•ｾＭﾷ＠
fact that all points outside the original object receive some back 
.. projected intensity (figure .2.5)._ If the number of projections is 
increased so that the star pattern is blurred then thera is an increase 
in background intensity which remains as noise. As the number of 
projections approaches infinity then the resulting back projected 
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projection profile 
Figure 2.4 Representation of scanning geometry for a 
circular dense object 
Figure 2.5 Back projection for a small dense object showing 
the star artifact 
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reconstruction of a dense point object approaches a density distribut-
ion proportional to l/r where r is the distance from the original 
point [Vatnshtein, 1971]. 
Furthermore, any distributed absorber can be considered to be 
made up of points and each point receives contributions from all other 
points and therefore subtle d.ifferences in density cannot be distinguished. 
Summation has been implemented in several ways including, photo-
graphic superposition of cathode ray tube lines [Kuhl and Edwards, 1963], 
mechanical. smearing of a photograph during contact printing [Vainshtein 
and Mikkailov, 1972] and the use of digital computers .[Herman, 1972]. 
2.2.4 Iterative techniques 
The term iterative refers to a method of successi.ve approximations 
in which an arbitrary starting image is chosen and then successive 
corrections are made to it, each one bringing it into better agreement 
with the measur.ed.:projections until a satisfactory agreement is obtained. 
The object to be reconstructed is approximated to a square array 
containing .N = n2 cells each of which has a density value fi(i = 1, 2, 3 ••. N). 
The projections are then split up into strips whose width is normally 1/n 
{figure 2.6). 
The ray-sums are made up of contributions from each.cell inter-
sected by the ray, i.e. for the jth ray 
{2.37) 
where wij =the weighting factor for the ith cell. This is calculated 
in various ways, including: the area of the ray intersected by the cell, 
the length of the ray intersected by the cell and the proximity of the 
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ray to the centre of the cell, and represents the contribution of the 
cell to the ray-sum. 
Equation 2.37 represents a set of matrix equations for the 
density values f; and an iterative solution of these equations is 
necessary because the number of cells, N,is generally too large for a 
direct solution. 
In the initial starting image f; is the same for all cells and 
projections are then calculated from these using equation 2.37 and 
comparing it with the measured projections. If a calculated ray-sum 
is different to its measured value then the density, f1, of each cell 
that contributes to that ray is modified such that the new calculated 
ray-sum.agrees, within preset limits, with the measured value. The 
first iteration is complete when this process has been carried out for 
.all cells. However, each cell Gorrection will affect the agreement 
produced by earlier corrections and the procedure is r.epeated unti 1 
this error is within acceptable limits. For each iteration, measured 
ray-sums are compared with calculated ray-sums and the difference is 
applied as a correction to cells that contribute to the ray sum 
(figure 2.6). 
There are three variations of iterative reconstruction depending 
on whether the correction sequence involves the whole ·matrix, one ray-
· .. sum or a single point. 
(i) Simultaneous correction - this is the simplest approach 
known as Iterative Least Squares Technique (ILST). For 
. each iteration all projections are calculated at the 
beginning and then all corrections are made simultaneously. 
However, this results in over correction because each cell 
. - --- - _ _ _:__ ____ _:..._ ________ __;_;....;;._ _______ _ 
7 11 9 13 
".t t/ 
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Figure 2.6 Numerical illustration of iterative reconstruction 
(ART) [Brooks and DiChiro,197S] 
(a} The Ｐｲｾｧｭ｡Ｚｬ＠ object and ｳｾ＠ tuay-sums· 
(b) ａ､､ｾｴｩｶ･＠ ｣ｯｲｲ･｣ｴｾｯｮＺ＠ the upper box shows the starting values 
(0). A correction is first applfed for the two vertical rays by 
subtracting the calculated values (0 and 0) £rom the measured 
values (11 and 9) and dtstributtng the ､ｴｦﾣ･ｲ･ｮ｣ｾ＠ between the two 
cells that make up each tray.· ｔｨｾｳ Ｍ proces-s· ｾ Ｌ＠ repea,ted ;fo:r the two· 
0 . 
hortzontal rays and diagonal rays·thus completing one iteration 
which in this simple example is perfect. 
(c) Multiplicative correction: the starting values (1) shown 
in the upper box are multiplied by the ratio of the measured ·. 
vertical ray-sums (11 and 9) to the calculated values (2 and2). 
This procedure is repeated for the the horizontal and diagonal 
rays and in this example errors persist and further iterations 
are required. 
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is recorrected for every ray passing through it and the 
iterations therefore oscillate about the correct solution 
[Bracewell, 1956]. This can be solved by applying a 
damping factor to the corrections. The choice of damping 
- ----· .... ｾﾷｾﾷｾ＠ Ｍ ﾷ ＭＭﾷＭﾷＭＭＭＭＬＮＭＭﾷﾷＭＭＭＮＮＬＭＭＮ ｾﾷ ﾷﾷﾷＭﾷＭ ﾷ ＭﾷﾷﾷＢ•ＧＢＢＢ＠ ... •ﾷﾷﾷＭ ﾷ ﾷｾ ｾ Ｍ .. -._.,, .... .... ＬＬＮＮ ｟ ｾ＠ ... ....-
factor is not critical, but in the method lending its name 
to this technique it is calculated so as to produce the 
best least squares fit after the iteration ｛ﾧｑｩｊｾ Ｎ ｮｾ＠ ..... .l9Z2.].!'!, ......... ._. 
__________ .. ___________ - -- --·-----···-·-------·--.. -·-···- ... . ......... --.... - .. -
Simultaneous correction reconstruction has been applied to 
both X-ray transmission and gamma ray emissfon tomography 
.. .. by Budinger and Gullberg [Budinger and Gullberg, 1974]. 
(ii) Ray by ray correction - this method was discovered -by 
Gordon [Gordon et al., 1970] in the field ·of electron 
microscopy who called it Algebraic Reconstruction Technique 
-·- - · · .-V .. ＭﾷＭﾷｾｯ＠ .. ooNO 0 --· ·· -··· ... ｾ＠ ... --...... .. ..... ｾ＠ . ... .. ,,_.,...,., 0 00 .... · - ,. .... 
(ART) and was used in the first version of the EMI scanner 
[Hounsfield, 1973]. 
At the beginning of ·each . iteration one -ray-sum is 
calcul_ated and corrections -are .app.lied ·to · all -points that 
contribute to the ray-sum. This is repeated-for every ray-
sum in the projection with each successive correction being 
calculated taking into account previous corrections made to 
all earlier ray-sums. It has been found that, in order to 
ensure that succeed;ng corrections are independent of each 
other and avoid error accumulation, the sequence of pro-
.jections corrected is not chronological so that the angle 
between consecutive .corrected projections is large ｛ｈｯｵｮｳｦｩ･ｬ､ｾ＠
1973; Kuhl et al., 1973]. 
(iii) Point by point correction - this method was introduced in 
electron microscopy by Gilbert [Gilbert, 1972] who called it 
- 29 -
the Simultaneous Iterative Reconstruction Technique (SIRT) 
and has also .been applied to positron tomography by 
[Schmidlin, 1972] and in radioastronomy by Bracewell 
[Bracewell, 1956]. Each iteration begins with .a ｰ｡ｲｴｩ｣ｵｬ｡ｾ＠
point and calculations and corrections are made for every 
ray-sum passing through that point. The process is repeated 
for every other point with all previous corrections being 
embodied in ensuing calculations to complete an iteration. 
2.2.5 Analytical techniques 
These techniques can be grouped into two basic categories: 
(i) two dimensional Fourier reconstruction 
(ii) filtered back projection 
(i) Two dimensional Fourier reconstruction 
The Fourier transform .of a ｲ｡ｾｾｳｵｾ＠ p8(x') is ｧｩｶ･ｮ ｟ ｢［ｾｾ＠
., \,-{ ,,..... #' 
' ｾｾｉｴｾ｜＠
F[p0 (x' )] = j ｰ Ｐ ＨｾＧ＠ )exp(- i u' x' )dx' = ｐＺｾ Ｇ Ｌ＠ Ｉ ｾ Ｍ ｡ｾ＠ (2.38) 
where(f)=the ｳｰ｡ｴｩＺｾ＠ frequency axis parallel to x'. ｾ Ｙ＠
Substituting for p8(x') from equation 2.34 
co 
.. P0(u') = J J f(x'.y')exp(- i u' x')dx' dy' (2.39) 
-co 
The two dimensional Fourier transform of f(x',y') is 
co 
F{f(x',y')] = J J f(x',y')exp[- i(u'x' + v'y')]dx' dy' {2.40) 
.-co 
. - ＭＭＭＭＭＭＭ ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＮＮＮ［ＮＮ｟＠ __ ___,;;...._ _______________ ..;......,; 
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and for v• = 0 (v' =the spatial frequency axis parallel toy') the 
following applies, 
F[p8 (x')] = F[f(x',y')] (2.41) 
and therefore the Fourier transform of a projection is a central 
section of the two dimensional transform of f(x',y'). Figure 2.7 
illustrates this result. 
The Fourier transforms of all the ray-sums can be taken and be 
written down in Fourier .space along lines parallel to the rays passing 
through the origin (figure 2.7). From equation 2.40 it is clear that 
the two dimensional Fourier transform is now known along these lines 
and the values -of the- Fouri-er transform of --f{x,y) =can therefore be -
found by interpolation between these known values. Hence the 
distribution f(-x,y) -- is--found from the inverse transform -of the inter-
polated two dimens-ional:...funct:ion F[f(x,y)], i.e. 
. . 
f(x,y) = F-l[F[f(x;y)]] 
, Therefore 
f(x,y) = --1-- ｊｾ＠ de Joo P6(u')exp(iu'x')ju• jdu' Ｔｾ Ｒ＠ 0 
-oo 
(2.42) 
(2.43) 
This direct method has been applied in several fields, principally 
optical holography [Rowley-, 1969] and electron microscopy [DeRosier 
and Klug, 1968], and also, to a lesser degree, in medicine [Kay et al., 
1974]. 
(ii) Filtered back projection 
From 2.2.3, the reconstruction of a dense point .object approaches 
a density distribution proportional to 1/r, therefore the reconstruction 
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y 
ｆｾｵｲ･＠ 2.7 Illustration of the central section theorem 
[Pullan et a1,1977] 
-------------------------.,.----· .. . . . ..... 
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of an object will be the convolution of the density distribution 
f(x,y) and the blurring function 1/r, so for a linear system 
fb(x,y) = f{x,y) * (1/r) (2.44) 
The direct methods using back projection are .all, in principle, 
methods of deconvolving fb(x,y) for 1/r. This deconvolution can be 
carried out in real · or reconstruction space. 
(a) Deconvolution in reconstruction space: Fourier theory states 
that Fourier transforming equation 2.44 gives 
F[fb{x.y)] = F[f(x.y)] x ＨｾＩ＠ {2.45) 
where R = the radius in Fourier space. Therefore 
f(x,y) = F-1 [F[fb(x,y)] x R] (2.46) 
which can also ,be wri±ten 
(2.47) 
(b) Deconvolution in projection space: There is an equivalent 
operation to equation 2.47, which is a consequence of the Fourier 
transform projection results of equation 2.40, that can be carried 
out in projection space. 
If eqaation 2.45 is written down along a line through the 
origin in frequency space at an angle e to the x .axis then the 
result is 
(2.48) 
where X = the distance from the origin in frequency space tn a one 
dimensional Fourier transform of the projection. 
- . ... ---------- __ _;__ __________ ____. _________________ ____ 
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Using equation 2.40 this becomes 
(2.49) 
If a set of modified projections ga(x') exist such that they 
back project to give f(x,y) then, by· :analogy, 
F6 [f(x,y)] = F[g 6(x
1 }] x [{] (2.50) 
therefore from equation 2.40 
F [P 6 ( x 
1 
) 1 = F [g 6 (x 1 ) ] x [{] (2.51) 
and therefore 
g (x') = p (x') * [F-l[X]] a a (2.52) 
The reconstruction is then obtained by back projecting all the 
projections :convol\ied' ·With the ·function F-l[X]. 
This method of reconstruction is the most widely a.d.op.ted, . 
.,. _ ｟ＮＮＮＬｾ Ｎ＠ -· ＭＭｾ｟ＮＮＮ｟ＮＮＮ｟ＮＮＮＬ｟ＮＮＬＮ＠ __ .. __ ＮＬＮＬＬｾ＠ ... --........ ＭＭＮＢＢＧＭﾷＢＧＭＢＧｾＭＭ ..... --........... -......... . 
accumulated and back projections can be carried out for sub-regions 
of the reconstruction so allowing large image arrays to be handled 
on small computers. 
The effects of modified back projection can be shown diagram-
atically for a square object in figure 2.8. 
Until now it has been assumed that there are an infinite ｾ＠
number of noiseless projections. In practice this is not true and 
.... - .. ＭｾＭＭＭ .... ｾＭＮＭＭＭ ... - ... ..-..-.......... ·----· ...... ,. 
I 
it i·s necessary to smooth projection data and to impose a high j 
frequency cut-off in the reconstruction ｭ･ｴｨｯ､ Ｎ ｛ｂｲ｡ｾ･ｷ･ｬｬ＠ and Riddle, ｾ Ｑ＠
1967]. 
I 
I 
I 
.... J 
Figure 2.8 
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(a) 
ｾＭﾢ＠ ｾ＠
1 . 
I [I] 
Representation of modified back projection showing: 
(a) back projection using unfiltered projection data 
(b) back projection using filtered projection data 
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The upper frequenc¥ cut-off is given by 
(2.53) 
where n = the number of equally spaced ray-sums per projection, 
t = the object thickness and 
R = the maximum spatial frequency. 
There have been several convolving functions, or fil-ters as 
they are commonly known, derived by approximation of the Fourier 
.theory, two examples of which are: 
• " A •• • > • ｾ＠ • 1' ｾ＠ < "• 
(a) that of Bracewell and Riddle [Bracewell and Riddle, 1967] and 
Ramachandran and takshimi narayan .[Ramachandran and Lakshimi narayan ,. ._-- -
. 1971] where 
h{k) 1 for k odd = 1r2k25 2 {2.54) 
h{k) = 0 for k even {2.55) 
h(O) 1 =-
4s 2 
(2.56} 
. (b) that of Shepp and Logan [Shepp and Logan, 1974], -where 
all k except 0 (2.57) 
h(O) = 1 (2.58) 
where sis the spacing between ray-sums and k is equivalent to x•. · 
2.2.6 Discussion 
A very large number of algorithms exist for reconstructing 
.objects from projections but no general rule exists .which governs 
- ----------- ---- ________ __:_______:---'-_ ____:. __ __.___.....;____ _ ____. 
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whtch algorithm is better under which conditions. Reconstruction 
algortthms can be compared either theoretically or experimentally. 
A theoretical comparison involves the use of computer simulations 
... ＺＺＮｾｾ＠ .... ··-.. -......... , .................. , .. .., ... ｾ＠ .. ,..., . .,....., ____ . 
! 
and an experimental one consists of measuring ·the projection data 1 
for a number of test objects, or phantoms, and comparing the 
reconstructed image with the original object. ｇｯｲ､ｯｮｾＭ and Herman I 
I 
I [Gordon and Herman, 1974] suggest a number of factors which ｳｨｯｵｬｾ＠
I 
": be taken into account in an experimental comparison i·ncluding: 
(i) a diversity of test . objects 
( i i) a di.versi.ty of modes of measuring projtecti·ons, i.e. 
parallel or divergent geometry .and number of projections 
(iii) a variation in background ·noise·· ·· -··--_ ... _ 
(iv) mechanical accuracy of the scanner for. measuring angles 
and in the relocation of the .or-igin for projections. 
Many review articles report compar.isons of .di·fferent methods- a-nd --
. include some of the -above variati-ons ·[Herman and -.Rowland, -1973; 
Ramachandran and Lakshiminarayan, 1971; Sweeney, 1972; Smith et al., 
1973], however, the.conclusions are specific to the article and an 
overall comparison would require the inter-comparison .of all. reviews 
to date. 
The suitability of a reconstruction technique is.nor.mally 
. expressed . in terms of speed, accuracy, ｩｭ｡ｧ ｟ ｾ＠ __ ＬＮ Ｙ Ｎ Ａｊｾｊ＠ tty ___ gJ'J9 .. ｊ Ｎ ｴＮｾ＠ ｊＺＺｾ Ｎ ｾｉ＿ｑｴｴｾ･＠
--- _ .. .. ___ ,.·--·--····-- ·------- ............... _ ....... _ ..... _____ . ....,,... __ ..... ··-·· .... ... ......... . ｾﾷ ﾷﾷ＠ . 
. to incomplete data, the relative importance of each of these is 
dependent on the particular applications. 
· lt is generally agreed that, for, _____ ｾＮｑｦｦｩｬ＿Ｎｬｾｴｾ Ｎ｟ ｱｾ｟ｴｰＮ＠ (.i.e. data 
__ "'"_ .... .. .... ........... _., ___ ........ ＭｾＭＢＧ＼ＢＧＮＮＮＮＮＭ＼ＧＢＢ＠ .. "" - _ ,.. . . . . 
.collected at small intervals over all angles).where no ·interpolation 
........... - - - - _ ... ---.. ｾＭ ........ ......... -.-.......... _ . ....... - -. . • .- .......... , ..... ｴｾＮﾷｾ＠ .... -,- • 
. is required, that analytical techniques are .the fastest since each 
-- Ｍ Ｍ ＭＭｾ Ｍ ＭＭＭ ---. ··- - ---. ··- ___ ｟Ｌ｟｟ﾷＭＭＭＭＭＭＮＭ Ｍ ｾＭＭＭ Ｍ Ｍ Ｍ ﾷＭ Ｍ Ｍ Ｍ ＭＭＭＭｾﾷﾷ＠ -··- Ｍｾｾ＠ . ........ Ｌ ｾ ＬＮＮ｟ Ｍ ＬＮＬ＠ .... , ,. •• - , .._ •• Ｌ ｾ＠ .. ,. .. - < ••• 
4 
} 
I 
: 
l 
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projection can be ｟ ｰｲｯ｣･ｾｾＡＡ＠ ... Ｑｾｭ･､＠ ｾ Ｍ ｾｾｾｽ Ｎ ｙＭ ｾＮ ｾｦｴＮ Ｎ ｾｲ Ｍ .. ｾ Ｎ ｑｊｊＮ Ｎ ｾｇ ｾ ｴＮｩｊ＿ｬｊ＠ .. ｟ ｅＮｊｬｾ Ｍ .. ｾ Ｍ ｾ ｾ ｾ Ｌ Ｍｾ＠
entire reconstruction completed shortly after the last projection 
is measured. 
accuracy are band limiting and interpolation. Band ·limiting is 
ｾＭＭＭＮＮ ｾ＠ ................ . :,....,. ... --t ..... . . ..... ｾＬ＠ .. 
the loss of high spatial freguencies when the projection is sampled • 
ＮＮＮＮＮＮＬＮ｟｟ＬＮＮＮＬＮＮｍＮ ＬＮ ＮＮＮＮＮＮＮＺＮＬ ＬＮＬ ＮＮＬＮ ＬＮＺＬ ＬＮｾ ｾＢ Ｚｏｙ •ＬｃＮＢＢＧｾ Ｂｲ＠ ...... ,. ,.,. ._, ,,., .. ,_,.:nnvou•'"''"• r..o,.,...,.....,.,f, .U,.t''" ＭｾＭＭＭ .. &A< • •&,...,.., .. Ｎ｟ＮＮＬＬｲＭＱＧ Ｌ Ｌｾ＼ＺＡ ﾷ Ｂ＠ -..;• ..,f, ... ｾ＠ .. . ｾ＠ . .. , • . ..,.. , , ._., ...,,.., ｾ ＧＢＭＧｾ Ｂ• ｲ ＢＧＺＧ•ＮＮＬ｟ •＠ ,; ,.. , •. ,., .. -:;_., :;- ,.,. " ,• , , ., "t -, -o; .._..,_ ........ , .. - ... . 
This is ·.only a significant problem at sharp interfaces of high 
density-distributions with lower ones and is normally compensated 
.for by the filter. 
Interpolation is -necessary to estimate the values between .the 
ray-sum data points. · If the intervals between data points are 
sufficiently small. then ·--1-i·nea-r interpolation gives adequate accuracy 
except . at sharp edges. 
\ 
I 
I. 
Iterative techniques are :affected "bY · the .. fi.n:i.te iteration :time Ｍ ｾ＠
and a .possible lack of convergence of the solution .. the ｾ ･ｸ｡｣ｴ＠ nature 
of the convergence problem depends on .the selection of · the damping 
factor • 
. Therefore, for complete data, it can be concluded that analytical 
techniques will be faster than iterative and will .give similar 
.accuracy Ｚｾ｣ｾＲｾ＠ ｡ｾｾ｡ｲｰ｟＠ __ ｾｐＮｒ･ｳＮ＠
Image quality depends on noise and spatial reso1ution. If a 
homogeneous . object is reconstructed then specKlo in the 
reconstructed image are due ·to .noise)•e+or complete projection data 
the poise is generally a result of statistical fluctuations in the 
data due to the limited number of photons and is independent of the 
.reconstruction method. If the projection data are ·incomplete then 
. ,.! • 
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noi'se may be introduced in the reconstructi·on by interpolation. 
Spatial · reso1'ution··;s dictated by the sampling frequency of 
the projection data. The number of projections, N, required to 
reconstruct ari object of diameter D in order to give adequate 
resolution was derived by Bracewell and Riddle [Bracewell and 
.Riddle, 1967] and is given by 
N ｾ＠ TIMD 
where M is the maximum spatial frequency given by 
1 M = 2a 
where a= the ｲ｡ｹｾｳｵｭ＠ sampling interval. 
(2.59) 
(2.60) 
-If a spatial resolut:i.on--r is .- required then, as .·a general rule, 
a ·:s:: r ｾ＠ j (2.61) 
If the number of projections ·is not sufficient -to·-·adequate·ly· 
determine the image then the data a·re said to be incomplete. There-
fore the reconstructi-on -program must-make assumptions about the 
missing data and analytical and iterative techniques differ in this 
respect. 
Analytical techniques assume that the missing data· ·are similar 
:to . the existing data and create the data by interpolation. Iterative 
techniques,. ｨｯｷｾｶ･ｲＬ＠ assume that the image is as smooth as possible, 
consistent with the available data. Therefore iterative techniques 
are better for non-symmetrical objects for which analytical techniques 
may introduce errors. ｆｵｲｴｨ･ｲｾｯｲ･Ｌ＠ the i nterpo 1 a ti·ons required in 
analytical methods .are time consuming and therefore··iterative methods 
can also become quicker .for fncomplete data. 
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2.3 Recent Theoretical Developments 
2.3.1 Attenuation coeffici".ents in elemental analysi·s 
A method of .elemental analysis based on the measurement of 
differences in mass attenuation coefficients has been proposed 
ｾｯｵｲｩｳ＠ and Spyrou, 1978]. 
The mass attenuation coefficient of·a mixture,, provided that 
the effects of chemical binding are neglected, is given by equation 
2.32 .(section 2.1.6) i.e., 
where w. =the -weighting factor for element i with mass.attenuation -· 1 
coefficient ＨｾＩ Ｑ •＠ If an additional element (n + 1) is added to the 
mixture then the new total mass attenuation coefficient ｾｍﾷ＠ is given 
by 
(2.62) 
where 
(2.63) 
Therefore the change ·in ·the mass attenuation coefficient, 
assuming that there is no .change in density, is 
I 
f = ｟ｾ｟ｍ｟Ｍ｟ｾ｟ｍ＠
liM 
· and hence the minimum ·detectable mass fraction, wn+l' becomes 
and can be found by measuring the change in mass attenuation 
coefficient after the addition of an extra element. 
ＭＭｾＭ ＭＭ Ｍ ＭｾＭＭＭＭＭＭＭＱＱＮＬＮ＼ｾＮＺ＠ __ , __ • . ｾ＠ ＭｬｾｾＭＭ ..... ＭＭＭ Ｍ ﾷＭﾷﾷﾷｾﾷＭ ··-- -·- ----- ｾＭ Ｍ Ｎ＠
(2.64) 
(2.65) 
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then 
(2.66) 
then wn+l ｾ＠ f (2.67) 
This theory can be extended and applied in tomography_where 
linear attenuation coefficients are measured [Kouris ·et al., 1981]. 
The ray-sum is defined 
{2.68) 
and . if the photons are monoenergetic-and the medium ｾｳ＠ homogeneous 
(2.69) 
where Lis the-path · length. 
If an element is now added with :linear -attenuation coefficient (p
1
)c 
and is represented by an equivalent length 1, then 
and the change in the ray-sum due to the addition is 
Pc-PL 
f = -=-p-
L 
and the minimum detectable length, 1/L, is 
And similarly 
{2.70) 
(2.71) 
(2.72) 
(2.73) 
------------..,--------- -- ---- ---
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R, 
"[ ｾＭ f (2.74) 
Minimum detectable fr.actions for mass or length of various 
elements shown above are not as low as for other techniques. However, 
the advantages of the above theory lies in its application in fields 
such as tomography where the necessary data already exist. 
2.3.2 Accurate parameterisation of the attenuation coefficient 
Parameterisation of the linear attenuation coefficient in terms 
of the atomic number Z, the number of atoms·per·unit volume, n, and 
the photon energy E is desirable in several applications and has been 
the subject of various studies in tomography [Cho :et -al ｾ Ｍ Ｌ＠ 197.5; 
Alvarez and Makovski, 1976] with the ｡ｩｾ＠ to ·achieve tissue character-
isation in medical imaging. 
An improved and -accurate parameterisation has been derived by- _ 
Hawkes and Jackson [Hawkes and Jackson,- ·1980] for the ･ｾ･ｲｧｹ＠ range . 
30 to 150 keV starting with the fundamental theory of photon-electron 
interactions. The cross-section for coherent and incoherent 
scattering are combined to give 
(2.75) 
where crKN = the ·Klein-Nishina cross-section, b = a variable which 
1/3 
for low Z is equal to 0.5 to.give best results, E' = E(Z'/Z) and Z' 
ts a chosen standard element to which the coherent cross-section for 
.other elements can be related. 
I 
I j 
I 
-- --- ----- _____ __,_ _______ ..;..__ _ _,____,__......__ _ ..;.___;,_....;.;... ___ ' j
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The derivation of the parameterisation for .the photoelectric 
effect starts with the non-relativistic cross-section of Bethe and 
Salpeter, [Bethe and Salpeter., 1957]. Modifications ar.e made by 
applying the following corrections: (i) replacing the plane waves 
with hydrogen-like wavefunctions, (ii) relativisttc effects and 
(iii) screening by atomic electrons. The final cross-section for 
the photoelectric effect is given by 
(2.76) 
where oBA = the non-relativistic cross-section, N(Z) is the screen-
ing constant, E.(e) is the relativistic factor given by 
1 + F(a) = 1 + 0.143 s2 + 1.667 as (2.77) 
where B = v/c and v = electron velocity, and 
{2.78} 
is the correction factor for the wave function where a =-the-fine 
structure constant, n = 1 for the k shell and 
(2.79) 
is the theoretical binding energy for the k shell. 
- ,· · · •• . .... 4 ' ·, 
Calculated values for the cross-sections of elements compared 
with the tabulated cross-sections of Hubble [Hubble et al., 1975] for 
. 1 ｾ＠ :Z Ｚﾷ ｾ＠ .53 are tabulated wtth respect to z• = 8 and .errors of 
< 2.5% .over the energy range 30 to 150 keV are quoted. Therefore 
the formula could be reliably applied to tomography to calculate 
the attenuation coefficient of an element or mixture. 
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2.3.3 Compton scattering and transmission data for density 
measurements 
The number of Compton scattered photons is proportional to Z/A, 
however Z/A is almost constant in the range 2 < Z < 25 and can there-
fore be neglected in the derivation • . Therefore, consi.dering the path 
Aos• in figure 2.g, the number of scattered photons at 90°, N
1
, is 
given by 
N1 .. P ex{ ( 11 1x dx)ex{ (. 112x dx) (2.80) 
and if the object is rotated through 180° the number of scattered 
photons at goo, N
2
, is 
(2.81) 
where 1J 1 = the linear ｡ｴｴ･ｮｵ｡ｴｩｯｮ ﾷＮ ｣ｯ･ｦｦＭｩ｣ｩＮ･ｮｴｾ ﾷ ﾷｦｯｲ＠ transmi-tted photons 
and 1J 2 = the li.near -!}tte-tiuation-·coefficient -for -goo ·scattered photons. 
The number of photons transmitted along the path ss•, T
2
, is 
and .along the path AA•, T1 , is 
A• 
T1 .. exp{- J 11 1x dx) 
A 
(2.82) 
(2.83) 
where E2 is chosen to be equal to the energy of the goo scattered 
photons given by 
E El (2.84) = 2 EI 
1 +--
- . 2 m0c 
source 
E 
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source energy E z 
ｾﾷ＠
B 
A ... Q A 
... 
.. 
-
energy detec tor 1 
l 
·-8' 
H 
detector 2 
Fi.gure 2.9 Geometry in Compton scattering and ｴｲ｡ｮｳｾｳｳｩｯｮ＠
measurements for the determination of density 
1 
I 
I 
I 
I 
i 
! 
I 
i 
·"-·. l 
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Therefore 
A' B' 
N1N2 « p2 exp(- J p 1x dx)exp(- J p 2x dx) 
A B 
A' B' 
T1T2 « exp(- J p 1x dxJexp(- J p 2x dx) 
A B 
Combining equations 2.85 and 2.86 gives 
If an object of unknown density, Pu' is compared with a 
standard object of ·density .-p5 then .,_. 
(2.85) 
{2.86) 
{2.87) 
(2.88) 
This derivation .is .. ･ｱｵ｡ｬｾｹ＠ ｶ｡ｬｩ､ Ｍ ｦｯｲ ｾＭ ｡ｮｹ Ｎﾷ＠ scatter·ing -angle as .-· - --
1 ong as the transmitted. ray-sum and the ·-scattered ray-sum take -the 
same path. 
The application of this theory in tomography would be a useful 
extension of the technique and is straight forward since the data 
required can be readily accumulated with existing ·systems by the 
selection of different discriminator windows. 
I 
;j 
--------------. ·-·-··· -· . . . . . . ., .. 
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CHAPTER 3 THE PRINCIPLES OF RADIATION DETECTION AND 
ｍｅａｓｕｒｅｍｅｎｔｾａｎｄ＠ APPLICATIONS 
3.1 Introduction 
The detection and measurement of radiation forms ·the basis in 
all imaging systems where ionising radiation is the probe used to 
acquire the data for reconstruction. An understanding of the funda-
mental mechanisms underlying the operation of radiation detectors and 
the physical assessment of the data that they produce is therefore 
essential in any radiation imaging study. 
3.2 General Properties of Radiation Detectors 
3.2.1 Generalised operation of detectors 
The fundamental mechanism underlying the operation of all 
radiation detectors is the dissipation of the energy of a particle 
within a suitable medium with the -net result ·that .:an -·electric ··charge 
is produced. This charge is normally collected by the .application of 
an electric field so .that a current flows through the detector for a 
time tc after the particle has interacted. The time taken for 
complete .charge collection.varies with detector material and depends 
on the mobility of the charge carriers and the average distance 
travelled to the electrodes e.g. in ion chambers the collection time 
is typically a few mi 11 i seconds whereas in semi conductors i.t is a 
few nanoseconds. 
A current is produced for every quantum of radiation that inter-
acts and as the interaction rate increases then the situation arises 
when the current flowing within the detector is due to more than one 
interaction. The magnitude and duration of each current depends on 
the type of interaction. 
1 
J 
I 
! 
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A distinction can be made between two modes of operation of 
detector systems. In one mode of operation the average d.c . . current 
produced by the detector is measured and this is known.as the current 
mode (or, less commonly, mean level detection). The recorded current 
is the time averaged effect.of many interactions wtthin the detector 
and therefore individual events are not distinguishable. Detectors 
operating in the current mode are ｮｯｲｭ｡ｬｬｾ＠ applied to the general 
. field of radiation monitor.i'ng, such as radiation dosimetry and nuclear 
reactor power level monitoring, and in X-ray transmission tomography 
systems. 
I However, for the majority of applications, detectors are more 
usefully employed operating ,· in-·· the --pulse ·mode. In this type of 
operation the output from the detector is a series of signals, or 
pulses, corresponding ｾｯ＠ each quantum· of radiation :that has inter-
acted within the -detecting medium . 
. There are two main advantages of pulse mode·operation over 
current mode . . Firstly, the amplitude of each pulse depends on the 
amount of charge generated due to the individual interaction of 
which it is a result and is an important means of analysing the type 
.and . frequency of interactions taking place within .the detector, hence 
providing information on the incident radiation. The second advantage 
· is that a greater sensitivity can be achieved since :· in current mode 
there is a minimum detectable current which is equivalent to a 
certain interaction rate whereas in pulse mode single interactions 
can be detected limited only .by the local background radiati.on level. 
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3.2.2 Pulse height analysis 
The pulses produced in a detector .due to radiation interactions 
will not be all of the same amplitude. The variation may be due to 
fluctuations in the detector response or to differences .in the 
radiation energy. It is pulse height analysis with respect to the 
incident radiation energy that forms the basis of most detection 
systems and the result is normally displayed as the di-fferential 
pulse height. distribution. 
The differential .distribution is a plot of dN/dH, where N is 
the number of events, versus the height H, where H is the magnitude 
.of the pulse (volts), and is normally known as the spectrum. 
The pulse amplitude scale on the abscissa ranges from zero to 
a maximum value which is larger than the amplitude of the largest 
recorded pulse, :HM, ·and the .ordinate, dN/dH, has units of inverse 
. amplitude, volts-I. Therefore the number· of pulses w1th amplitude 
.between two limits, H1 and H2 , can be found by ··integrating over the · 
:region, and is given oy 
( 3.1) 
so that the total number of pulses in a spectrum is 
OQ 
f 
dN N = OFf • dH 
0 
(3.2} 
Since pulse height is proportional to the energy dissipated 
in the detector by the interaction of a quantum of radiation the 
pulse height spectrum indicates information .about the i·ncident 
radiation. A peak in the distribution, HP in figure 3.1, indicates 
1 
dN 
dH 
Figure 3.1 
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an energy about which a large number of partfcles .of similar energy 
exist and vice versa for a liOW point or va 11 ey (HL). Analysis of 
the differential pulse height spectrum must always involve the use 
of areas since .the quantity dN/dH is a physically meaningless para-
meter until multiplied by the abscissa H. 
3.2.3 _ Detector efficiency, .energy resolution and dead time 
In theory an output pulse should be produced. for every inter-
action that . takes place within the active volume of a detector. 
ｈｯｷ･ｶ･ｲｾ Ｎ＠ whilst this is possible with charged particles, the more 
penetrating radiations such as gamma ｲ｡ｹｾ＠ or neutrons must undergo 
significant interactions .in -order to produce a detectable pulse and 
can travel large distances between interactions· and detectors are 
therefore .rarely lDO% efficient. 
Efficiencies are categorised in two . ways, _firstly., _by the 
nature of the event that is recorded. The :total -efficiency is that 
calculated using the total number .of pulses recorded .by the detector 
.and includes all types of interactions that have taken .: place within 
the.detector. The peak efficiency, however, only i"ncludes inter-
actions that have resulted in the particle depositing al1 its energy 
-within the detector and corresponds to the area under the peak in the 
spectrum. Secondly, efficiencies are subdivided · into ｩｮｴｾｩｮｳｩ｣＠ and 
.absolute. Absolute efficiency is defined as 
_ number ｯｦ ＮＺ ｾｵｬｳ･ｳ＠ recorded 
8abs - number of radiat1on quanta emitted by the source {3.3) 
and is . therefore not only dependent on the ､･ｴ･｣ｴｩｯｮ Ｎ ｰｲｯｰ･ｲｴｴｾｳ＠ of 
the detector but also. on the geometry of the experiment. The intrinsic 
efficiency is defined as 
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number of pulses recorded 
8 int = number of quanta incident on the detector (3.4) 
and is therefore independent .of geometry. 
The most useful . and commonly reported efficiency is the 
intrinsic peak efficiency since when comparing detectors the geome-
tricaldependenceis negligible (a slight dependence does however 
remain because . the. average path length of radiation in ·the detector 
is influenced by the source detector distance}. Also the unquanti-
fied. effects of scattering from neighbouring objects and spurious 
noise have more influence on the total ｮｵｭ｢･ｾ＠ of pulses in a spectrum 
.than on the peak area thus making peak efficiency results more 
reliable. 
In radiation spectroscopy an important property.of a detector 
is the ability to distinguish between- radiation energies that are- . 
slightly different. This parameter is called .-energy. reso1ution-and -
is determined from the .differential distribution produced by a - -
' •: .. ' . 
.detector in response to a monoenergetic source. ｅｮ･ｲｧｹｾ･ｳｯｬｵｴｩｯｮ＠ is 
measured .in terms.of the width of the full energy peak and is normally 
quoted for the full width at half maximum (FWHM). The smaller this 
value is the better the resolution of the detector. 
If the detector is.calibrated then each pulse ｨ･ｩｧｨｾ＠ His 
equivalent to a certain energy E and the ｾｊｈｍ＠ can be .expressed in 
keV. An alternative definitiDn is given by 
ｒ ﾷ］ｾｸ＠ n 100% • 
0 
(3.5) 
The width of the full energy peak arises due to fluctuations 
in the size of pulses produced by quanta of the same .. energy. The 
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sources of these fluctuations include random noise within the 
detector and associated instrumentation, drift .in operating condit-
ions of the detector and statistical noise due to the discrete nature 
of the signal. 
The first two sources are specific to the detection system 
and are therefore, in that.sense, under some control. However, the 
third source will always be present, irrespective of how perfect the 
system is, and in a wide range of detection systems is the dominant 
and hence limiting source. 
When a charge Q is created within a detector it consists of a 
discrete number of charge carriers, · the number nf which fs random 
and fluctuates from event to event.-· 'Assuming --that the . .formatlon of --
each charge carrier is a Poisson process and that N carriers are 
created .then the standard -deviation will. ·be v£. ,-.!f.- there is no 
.. other source of fluctuation then the differentia-l .'-response--function-·:·---· - -
.will be Gaussian with ·a standard devi-ation a = K-vf where K is a 
proportionality constant given by H0 = KN. The FWHM of a Gaussian is 
equal to 2.35 a.so the percentage Poisson limit for energy resolution 
is given by 
R _ 2.35KYN 2.35 p- RN = ｾ＠ (3.6} 
The good energy resolution of semiconductor detectors arises 
from the fact that the number of charge carriers produced per unit 
of deposited energy is high. However, experimental measurements 
have shown that resolutions better than those predicted by Rp can be 
achieved which led to the derivation of the Fano .-factor. This is 
defined as 
observed variance in N 
F = Poisson predicted variance (3.7} 
--- ---- •• c .. J 
I 
, ,-· . .. . -· .. 
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and since the variance is equal to a2 the statistical limit for 
resolution is 
(3.8) 
The value of the Fano factor depends on the type of detector 
and generally F << 1 for semiconductor detectors and F ｾ＠ 1 for 
scintillation detectors. 
If the incident flux of radiation on a detector is high then 
the situation may arise that the time between pulses is so short 
that individual pulses cannot be resolved. The mi-nimum time between 
pulses,such that each one is · recordediiS known as -·the dead -time, T, 
and if the pulse rate is -very -.high :then ·the- recorded_ .number ·.of pulses -·- · 
may be very much lower than the actual number and should therefore 
be corrected. 
. The exact form of this -cor.recti on- ··-depends .. on: whether---the 'System 
has a paralysable or ·non;...paralysable: response • . ,.:_Jn -: the :-para·lysable : 
.case if the time between two pulses is less than the dead time then 
the.second pulse is not recorded and the dead time of ·the system ' is 
further _ extended by T • . Therefore, if the pulse rate is very high the 
system may become 11 paralysed 11 since a·period of -r .is added to the 
Ｍ ｾ＠ . 
total dead time for every unrecorded event and the total dead period 
is unlimited . . However, systems can generally be assumed to be ｮｯｮｾ＠
paralysable in which case the system is dead for a period equal to 
the dead time after each .event and events that occur within that 
.period are neither detected .nor contribute to the dead :period. There-
fore the total dead time .of the detector is fixed by t .and the 
recorded count rate m and the true incident flux n can be calculated 
from 
n - m 
- 1-mT (3.9) I 
I 
I 
-·-·-- ---·-- -____ j
ＭＭＭＭＭＭＭＭＭＭＬＭＭＭ ｾＭ . . . 
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3.3 . Gamma Ray Spectroscopy 
3.3.1 Introduction 
I In gamma ray spectroscopy above several hundred keV there are 
really only three detectors which are widely used: sodium iodide 
.(Nal(Tl)), lithium drifted germanium (Ge(Li)) and, more recently, 
bismuth germanate .(BGO). Spectroscopy below these energies is 
normally carried out with lithium drifted silicon (Si{Li)), high 
purity. germanium (HPGe) and thin beryllium window Nai{Tl) detectors 
and .at very low energies proportional counters. The choice of 
detector for a particular application also .normally depends on the 
relative importance of energy resolution and efficiency. Large 
scintillators can -be fabr.icate-d·and=Na-r- and:'BGO .are efficient · 
materials, . however the energy resolution ·of scintillators is poor 
.compared with semi conductor·· ､･ｴ･｣ｴｯｲｳｾ＠ -.::-The .. photofractrinn ·· <-(defi tied 
as the photopeak area divided by ·the .total--spectrum -area} ·.::js· -also - Ｍ ｾ＠ · --=-. 
higher for scintillators than --for ｳ･ｭｩ｣ｯｮ､ｵＭ｣ｴｯ ﾷ ｲｳｾ Ｍﾷ Ｚ ｨｯｷ･ｶ･ｲ Ｎ ［ ＭＭ ｴｨ･＠ good · ·-· 
energy reso 1 uti on of semi conductors a 11 ows ·discrete · -1 ow ·intensity 
peaks to . be distinguishable above this continuum. 
The detection .of gamma-rays is dependent on the . photon under-
going an interaction in which it transfers energy to an electron 
which can subsequently be detected. The interactions ﾷ ｴｨ｡ｾ＠ ｰｨｯｴｯｮｾ＠
may undergo are .described in detail in Chapter 2; those .that are 
·i.mportant in gamma ray spectroscopy are the photoelectric effect, 
. Compton.,and Rayleigh sea tteri ng and pair production. · . The ｳ･｣ｯｮｾ Ｎ ＹｘｙＮ＠ .. 
--· ｾ＠ .. ,_ .._ .... ＬＮＭＮｾ ﾷ ﾷＭ "' 
electrons . produced in photon interactions must be .fully absorbed 
---4·--..... ________ ＭＭＭＭ Ｍ ＭｾＭＭＭ Ｍ ....... - _,_. ... _.., __ ... ＮＭｾ＠ ...... _. _,.. _..,.. __ ,.._4_,.., ........ - ·--·-.............. ＭＭＮＭＭＢ ＭＭＢＧｾＭＭ ﾷＭﾷ ｾ＠ ... ..,.._....., ____ ..,......-:""""' ....... --... ｾ Ｍ Ｍ
within the detector for spectroscopy of gamma radiatton. Therefore 
---·- .. -
gas filled detectors are only useful at very low ·energies since the 
ＭＭＭＭＭＭＭＭ Ｍ ＭﾷＭﾷＭＭｾＭＭ Ｍ ＭＭ .. -....... __ ＮＭｾ＠ ...... .,..-..--.-,. ...... ---·------- - - .,- ... - -......... ..----· 
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range of electrons of a few hundred keV in STP gases is of the 
order of metres whereas in typical solid detector materials the 
range is millimetres. 
3.3.2 Theoretically predicted differential pulse height distributions 
The predicted response of a detector primarily depends on its 
size with respect to the mean free path of the secondary gamma rays 
produced in the interactions of the original radiation. Due to the 
short range of electrons in most solid detector materials ( a few mm 
.for electrons of up to a few MeV energy) it can be assumed that there 
is complete absorption of the electrons -produced in photon inter-
. actions. 
It is useful to examine the expected response of the two 
.extreme . cases .of small ｾ ｡ｮ､＠ large detectors when considering the 
. .. response of real detectors ｾｨｩ｣ｨ＠ ·generally lie between the two -
extremes. 
A small detector is .. one whose dimensions are small . compared 
.with the mean free path of secondary gamma rays (·in general this 
implies . detector dimensions of less than ten to twenty mi"llimetres). 
There are two. sources of secondary gamma rays; firstly · compton 
. scattered primary photons . and secondly, annihilation .photons 
produced when the positrons created in pair production annihilate. 
Figure 3.2 illustrates the predicted response spectrum for 
gamma ray energies of several MeV. Since the detector dimensions are 
.-small compared with the mean free path of the secondary photons only 
single Compton interactions .are assumed to . occur, therefore the ratio 
of the photopeak area to the Compton continuum area· is the same as 
.. .. ,,: ..... ,;<-
1 
dN 
dE 
I 
dN 
dE 
Figure 3.2 
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the ratio of the respective cross-sections. Similarl_y, the annihil-
ation radiation escapes and only the electron and positron energies 
are deposited resulting in the double escape peak with energy 
E - 2m 0c2 • .For energies below 2m c2 ('V ·l.022 MeV) where pair y 0 . 
production is impossible the spectrum would be almost identical to · 
figure 3.2 but without the double escape peak. 
If the detector dimensions are large compared with the mean free 
path of the secondary gamma ·rays and (for the ideal case) the radiat-
ion source is in the centre of the detecting volume, then the 
secondary photons will interact .within the detector and none would 
escape (in practice unrealistic detector dimensions of hundreds of 
millimetres would be ｾ･ｱｵｩｲ･､ＩＮ＠
If the energy of the primary photons is greater than 2m 0c2 then 
secondary gamma rays may be produced .. in both Compton sc-attering events· 
and annihilation .photons from pair production. These -secondary 
photons may then be . Compton scattered again until eventually ｾｨｯｴｯＭ ｾ＠
electric absorption takes place and the total energy .of the original 
photon has been .deposited within the detector. The time between the 
absorption of the Compton electron .and the subsequent absorption of 
the scattered photon is very short compared with the response time of 
the detector and s1,milarly the time between the absorption of the 
electron-positron pair and the annihi .lation photons . is also very short. 
This results in the fact that the pulse produced in the detector will 
·· be the sum of the electron energtes produced in all the :interactions 
and a single full energy peak is produced (figure 3.3). 
The response of real detectors combines the properties of these 
two extreme cases and is further complicated by other factors, notably 
the surrounding materials (figure 3.4). 
l 
dN 
dE 
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iak 
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The secondary photons produced in Compton scattering events may 
be further scattered and not .undergo photoelectric absorption, giving 
rise to a distortion in the Compton continuum and having energies ｾｰ＠
to E • The ratio of the photopeak area to the ｃｯｭｰｴｯｾ＠ continuum will y 
be higher than the ratio of the cross-sections due ·to .the contribut-
ion of multiple events to the .photopeak. The annihilation photons 
from pair production may either escape or be absorbed .giving rise to 
single or double escape peaks (of energy EY- m0c2 or EY- 2m0c2 ). 
Secondary radiations produced in the material surrounding the 
source-detector system contribute to the spectrum. ·Characteristic 
X-rays .may be generated following photoelectric absorption in the 
.surrounding material which may be detected when they ·are of suffi-
.ciently high energy ｴｯ ｾ ｲ･｡｣ｨ＠ the active dejector volume. Primary 
photons may undergo Compton scattering events in the surrounding 
material and for all scattering angles greater than about 120° give 
rise to .photons of almost identical energy, the combination of which 
results in the backscatter peak. Annihilation photons generated in 
the surrounding material may .also be detected. 
3.3.3 Practical spectroscopy with scintillators and semiconductors 
In designing a spectroscopy system careful ·consideration must 
be given to the geometry of the experiment and particular ｾ｡ｲ･＠ must be 
taken with respect to the surrounding materials since .these can 
\contribute features to the spectrum (section 3.3.2) which yield no 
useful i.nformation and may interfere with features of .interest. The 
productjon of characteristic X-rays is the most serious problem. The 
energy of characteristic X-rays increases with ｡ｴｯｭｩｾ＠ number and the 
higher the energy of the X-rays the higher the probabiltty of their 
detection since they can more easily penetrate intervening material. 
- .,. - .... ＭｾＭＭ -- -- --- - - - - - ＭＺＭ ＭＭＺＺＭＭＭＭ｣ｾ＠ ... ｾ ＮＭ Ｎ＠ ,_ 
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Therefore, from this point 9f .view, it is desirable to keep the 
atomic number of the surrounding materials as low as.possible. How-
ever, the most useful and widely. used collimator and shielding 
materials are those with high Z, particularly lead. A.solution to 
this is to line the lead with a low Z material to absorb the ｣ｨ｡ｾ｡｣ｴ･ｲﾭ
.istic X-rays from the lead and whose own X-rays have low enough 
energy not to be detected. 
Correct collimation and detector shielding are important, 
parti.cularly.for reproducibility, to eliminate the effects of other 
structures in the experimental system such as support stands and 
source holders. A detector collimator should extend back along the 
length-of the detector completely shielding the active volume. 
Apart from energy resolution and efficiency, .other. parameters 
·determined in spectroscopy are peak . area, . photofraction and ·.- peak ;to .. =-· 
scatter.ratios. ······ VIhich·:of' these parameters are measured and their 
relative.importance depends on the specific application. 
Peak area measurements are certainly the mos·t .common in spectro-
scopy. By comparing the peak area obtained .. from a sample of unknown 
activity and comparing it with that of a known activity of the same 
energy under the same counting geometry it is poss·ible . to.determine the 
unknown activity. This method of measuring activity is used extens-
ively in activation analysis. Attenuation measurements are normally 
.. carried out by measuring relative peak areas and in. emission tomo-
graphy -and in transmission .tomography using isotopic sources the area 
·within a window set approximately-around the peak.for each ray-sum is 
the basis of the data that are used in the reconstruction. 
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The _photofraction. defined as the ratio of the area under the 
full energy peak to that under the total spectrum,.is .a direct measure 
of the probability that a gamma ray that undergoes any .interaction 
within the detector ultimately deposits its full energy. Therefore 
it is desirable to have ·as Jarge a photofraction as.possible so that, 
for the same activity source and efficiency, the peak area is as large 
. as . possible in order to achieve best statistics. 
The peak to scatter ratio {PSR) is the ratio of the area under 
:the full energy peak divided by the area under a particular part of 
the spectrum,- the l'imi ts of which are normally defi"ned in terms of 
the angle of scatter of the Compton scattered photon. The PSR is 
similar to the photofraction but .. the scattering angle can be selected 
to be free from any.of the effects, such as the characteristic X-ray 
.peak, arising due to the surrounding materials, .and · is hence more 
useful in making comparisons ·between detector-· -systems. ·.· -The depth · 
of a source within a scattering medium can be determined.from .the 
· PSR (section ·3.4.2). 
The spectra obtained .with . semiconductor detectors are similar 
to the predicted response functions due to their excellent energy 
resolution. ｈｯｷ･ｶ･ｲｾ＠ spectra obtained with scintillation detectors 
differ .considerably due to their relatively poor· energy resolution 
, resulting in the broadening of'lthe features in the spectrum. 
In the analysis of spectra for peak centroid, peak area and 
resolution, the background underlying the full energy. peak must be 
taken into account. In appli'cations where a high degree of accuracy 
is required the peak is fitted, normally to a Gaussian distribution, 
and ana lys.ed by computer e.g. SAMPO [Routti and r·russ in, ,-969]. 
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The exact fitting procedure and precise shape of the .background 
varies .from one computer .code to another. However, when a lower 
degree of accuracy can be tolerated the background is assumed to be 
a trapezium · (.figure 3.5) and the analysis is simplified. From each 
channel height, h1, the value of the background, b1, is subtracted 
and the centroid, peak area and resolution are calculated from the 
corrected ｾ｡ｴ｡ｾ＠ The effects of background correction on area and 
resolution are obvious but also; as illustrated, the centroid, E , y 
is often displaced from .where it would appear to be . before background 
correction which .. is important for accurate energy calibration. 
The spectra.obtained .with semiconductor and scintillation 
detectors differ considerably and··hence -djfferent aspects are import-
ant in each case. For instance, due to .the excellent energy . 
resolution . of semiconductors full energy peaks mus·t be . accurately 
.-analysed _ for centroid, area ｡ｮ､ ｾＺ ｲ･ｳｯｬｵｴｩｯｮ＠ . . :·.conversely, , the -
.relatively .poor energy resolution of scintillation;.detectors means 
the lower and ｵｾｰ･ｲ＠ limits ｾｦ Ｎ ｴｨ･＠ full energy peak in a multienergetic 
spectrum are difficult to determine and so analysis -·is .often carried 
out .with respect to the peak centroid and assumes ·a Gaussian shape in 
order to define the peak limits. Stable high voltage and amplifier 
. gain are more important for . semiconductor .spectroscopy. than for 
·scintillators since a· shift of a few channels in the spectrum can 
. introduce large errors into the analysis. 
_ The final choice of detector type depends on the particular 
applt.cation; for the analysis .of complex multienergetic gamma ray 
spectra semiconductor detectors are clearly preferable, ·but when 
only a few gamma ray energies are involved and it .. is accurate peak 
area determination rather . than energy measurement that ·is required 
f 
dN 
dE 
.- -- . -.---- --- .--- Ｍ ＬＮＭＭＭＬＭＭＭｾＭＭＬＭＭ .. _---.,,. 
- 63 -
full-energy peak 
hj---
trapezium 
background 
Energy------
:Figure 3. 5 · Princ:i:p les of spectral analys·is 
- 64 -
then the higher efficiency, better photofraction and lower cost of 
scintillation detectors .may make them the better choice. 
ＳｾＴ＠ .Applications of Spectroscopically Determined Data 
3.4.1 Emission and transmission tomography 
The effects of scatter in transmission and emission imaging 
have, in the main, been ignor.ed throughout the development of radiat-
ion imaging techniques. Gamma ray spectroscopy is rarely carried 
out with the detectors incorporated into .imaging systems. In systems 
where spectroscopic data are available, mostly ·in radipnuclide 
emission studies, the discriminator window. is frequently. set subject-
ively around the photopeak with no ·true ｳｰ･｣ｴｲｯｳ｣ｯｰｩｾ＠ analysis. How-
ever, more commonly, spectroscopic data are unavailable i.n .emission 
imaging systems -and the data are. accepted from within .a disctiminator 
. window of widthrequal ｾ ｴｯ＠ :a fixed percentage of the photopeak energy -
centred on the peak. In ·transmission .tomography . systems . the -detectors 
-are normally operated in. current .mode and hence spectroscopic ｩｮｦｯｾｭﾭ
ation is .- lost .and the total .number .of integrated counts .is .recorded and 
forms . the data in the reconstruction. 
Scattered photons are the result of both coherent (mainly 
Rayleigh) and incoherent (Compton) scattering. ·· Table 3.1 shows the 
ratio.of the incoherent 'scattering cross-section to the coherent 
calculated from tabulated data [Storm and ｉｳｲ｡･ｬｾ＠ ·1970] as a. function 
of atomic number and incident .gamma ray energy. The relative scatter-
.ing .contribution from coherent scattering increases with atomic 
number and decreases with energy. and is considerable for.low incident 
gamma ray. energies and high atomic number. Furthermore, it is 
obviously impossible to reduce the amount of coherent scattering 
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Table 3.1 Ratio of incoherent scattering cross-section 
to coherent scattering cross-section 
(a5 (Compton)/crs (Rayleigh)) as a.fOnction of 
Z and gamma ray energy [Storm and .. Isril!a1, 1970]. 
H 0 Al Ca Cu Sr I 
Energy z = 1 z = 8 z = 13 z = 20 z = 29 z = 38 z = 53 
(keV) 
20 58.15 1. 50 1.14 0.33 0.17 0.11 0.06 
50 277.78 6.79 2.94 1. 52 0.82 0.52 0.29 
100 20.91 9.07 4.65 2.54 1. 62 0.93 
200 '60. 57 26.11 13.40 7.45 4.78 2.76 
300 111.35 47.65 . 24.45 13.57 ·-- 8.68 5.06 
400 166.29 71.46 36.86 20.42 13.13 7.66 
500 226.23 96.47 49.80 27.68 . . 17 .86 10.46 
1000 562.13 239.88 123.96 69. 34" . 45.15 26.36 
accepted by a ､･ｴｾ ｾ ｾ Ｍ ｾｯＮｲＺＮｊ＿ｙＮ＠ .... ｭ Ｎ ･Ｎ＿Ａｊｊｾ ｾ ｑｦＮ ｾ ｾ ｉ ｴｾＡＮＹＮｬ ｟ ｾｧｪ｟ｾｊ［Ｎｴｪ｟ｭｬｮ｡Ｎｴｩｯｮ＠ . 
..,.,,,..._.,...._-.... Ｍ ﾷ ﾷＭ Ｍ ＭﾷＭＭﾷＭＭＭ ｾ ﾷＭ .... -........ --
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by a detector can be geometrically minimised by the use of collimators 
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height spectrum. The efficiency of energy -discrimination depends ·on 
........__.__,...._,.._. ____ ., ... ,,,,.,-O'(f<'".)f'll' I 
the energy of the incident gamma ray photons and the energy resolution 
of .the detector. Table 3 .. 2 shows the minimum energy of Compton 
scattered photons Ｈ｣ｯｲｲ･ｳｰｯｾ､ｩｮｧ＠ to 180° scattering angle) as a 
functi·on of incident gamma .ray energy. It is clear ·from these . results 
that at low incident gamma ray energies the energy transferred to the 
recoil electron is small so that the energy of the .scattered photon 
differs only slightly from that of the incident beam. Therefore, as 
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Table 3.2 Minimum energy of Compton scattered photons 
corresponding to 180° scattering angle and 
the percentage of. the primary photon energy 
transferred to the recoil electron as a 
function of . the incident gamma ray .energy. 
Incident Minimum energy 
photon of scattered % of primary 
energy photon energy transferred 
(keV) (keV) to recoil electron 
20 18.55 7.2 
50 41.82 16.4 
100 71.87 28.1 
200 112.18 43.9 
300 137.98 54.0 
400 155.91 61.0 
500 169.10 66.2 
1000 203.50 79.6 
"·'" ·- · - -- - - -
Table 3.3 summarises, the reduction in the ｮｵｭ｢･ｲ ｾ ｾｦ＠ Compton 
scattered photons in the photopeak by means of the detector energy 
resolution varies with energy. The efficient discrimination against 
_,_ ...... ·-"" .. ｾＢＢＢ ＢＧﾷＢＢＢＢＧ ＭＧ•＠ .. , ............................. """ ........ .,; .... ｾ［＠ . ..,.. ｾＭ
Compton scattered . photons is important since Compton scattering is 
the predominant interaction process for energies above 100 keV up to 
- ----.... _ ... ---.-..-.... - ..... -_._ ................ _ ....... -.................. ....-........ ｾＳＢﾷ ＮＮＭｾ ﾷ＠ ... ﾷＭｾＭ ..... ,,. ............. .,.. .. ｾ＠ •.• ....-.-...... ..-..... · • ...,. •. ...,. 
several MeV for most materials. 
-·-""-· .... ｾ ＭＭＭＭ ........ .,_ ... ｾﾷＭＮＮＮＭｾＭＭＭﾷ｟Ｌ＠ .. ___ " __ _... _ _.,...,, _ _, ... ｾＭＭＭ .... -···--· ... ----.... --.. ＭﾷＭＭＭｾﾷﾷ｟ＮＮＬ＠ ... ,...... 
Scattered photons do not contribute useful information to an 
image and in fact reduce its contrast and increase the noise · level 
leading to overall image degradation [Beck ･ｴ Ｎ ｡ｬＮｾ＠ 1969, Hoffer and 
Beck, 1971]. Therefore it is desirable to reduce the amount of 
... 
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Table 3.3 Fraction of Compton scattered ｰｨｯｴｯｾｳ＠ accepted 
by a detector as a function of incident photon 
energy and detector energy resolution .[Brill et 
al., 1972]. 
Energy of Detector resolution 
incident gamma (keV) 
ray photon {keV) 1 '3 10 
30 0.30 0.99 1. 0 
50 0.072 0.35 1. 0 
100 0.0066 0.051 0.32 
140 0.0020 0.016 0.14 
200 0.00054 0.0046 0.045 
300 0.00012 0.0011 0.011 
400 0.00004 0.00039 0.0042 
. scatter accepted by the detector in radiation imaging. 
Interest ·in the problem of scattered radiation in . emission ) 
radionuclide imaging grew in the late 1960's and early 1970's due to / 
( :. j '' <:.; !,.l > 
the introduction of low energy gamma emitters. This is because of \ u 
the small percentage of energy transferred ·to the Compton scattered \ 
I electron. at low energies (Table 3.2) leading to the energy discri-mination·.problems described above, particularly with scintillation 
· detectors which are the type normally employed in tomographic systems. 
Beck [Becket al., 1971] carried out a theoretical study of the 
effects of scattered photons and introduced the scatter fraction, f
5
, 
which is defined as the ratio .of ｲ･ｳｰｯｮｳ･Ｆｾ＠ scattered and primary 
radiations or the fractional increase in ､･ｴ･｣ｴｯｾ Ｎ ｲ･ｳｰｯｮｳ･＠ due to 
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scatter over the response to collimated primary radiation, i.e. 
fs = N5 /Nu where Ns = number .of scattered ·photons accepted and 
Nu = number of unscattered photons accepted. Figure 3;6 is a plot 
of fs and tlJ {the counting efficiency for unscattered . pr.imary photons) 
-i.e. $ = Nu/NP where NP = true number of unscattered photons in the 
.photopeak, versus the lower. level pulse height discriminator, Eb, for 
99mTc 140 keV photons. As Eb is increased both.fs and tlJ decrease 
and the problem is to detennine ·the correct value of ·.Eb ·to give as 
low a value as possible for f whilst retaining as · large a fraction as 
. s 
.possible of the primary unscattered photons, $, i!n order to preserve 
sensitivity. If Eb is increased to reduce fs then $. is also decreased 
and therefore although contrast -is thus optimised .the image may be 
very noisy. Conversely, if Eb is set low such that $ = 1 then fs is 
large and contrast will be reduced. Therefore a-criterion is required 
for the best compromise · between ·. high --noi se -:-:and 1 ow contrast. 
The following approach -is ·that suggested by Beck [1971]. -- All. 
scattered photons are assumed to reduce image contrast ｵｮｩｦｯｲｭｾｬｹ＠ and 
the n_umber . of sea ttered photons Ns is assumed to be known . precisely. 
The standard deviation in the expected ·number of unscattered photons 
is ｾｳｩｮ｣･＠ Nu = Nw - Ns and Ns is known precisely. Therefore the 
statistical error in Nu is given by 
(3.10) 
where Nu =the expected total . number of photons within _ the discrimin-
ator window and NP $ = the total number of unscattered photons within 
the discriminator window. The minimum value of e is determined by 
.l 
plotting [(1 + s}/$] 2 versus Eb. In order to reduce .e: it is necessary 
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to either reduce fs or increase Np ｾ＠ which from the point of view of 
detector characteristics means. improving the energy resolution. The 
assumption that scatter contributes a uniform background is only valid 
for low energy gamma rays using a scintillation detector which has a 
large angle of acceptance for scattered photons, e, corresponding to 
the optimum value for Eb. For high energy gamma rays us·ing a scintillat-
ion detector and low energy gamma rays using a semiconductor detector 
the .assumption is invalid since e is small and image contrast is less 
.degraded by photons scattered through small angles. ·Therefore in 
situations where scatter tends to resolve object structures rather 
than cause degradation, Beck defines the figure of merit .Q, where 
{ 3.-11) 
where c1 is the count .rate over. -a-structure and -. C0 is·. the normal count 
rate. Maximisation of 'tbis·.:quantity is· equiv-alent-·to-·maximising the .. -
signal to noise ratio. 
A simple method of analysing a. scattering situation for the 
transmi.ssion case [Barrett and Swindell,.l982] is .to assume that none 
of the detected photons has undergone more than one scattering event. · 
This requires the dimensions .of the scattering medium, d, -to be small 
compared with the mean free path of the scattered photons. The 
va 1 i di ty of this· assumption depends on the primary . photon energy and 
would normally result in the .requirement that d be less than a few 
tens of -millimetres. However, ·if this requirement is _not met the 
ｳｩｮｧｬ･ｾｳ｣｡ｴｴ･ｲ＠ approximation can still be applied ｱｵ｡ｬｩｴ｡ｴｩｶ･ｬｾ＠ even 
when it is quantitatively unjustified. 
-- ---- ---- . ·-- · -- ' 
' • ' • ' ' ｩｦｾ＠ • .:' · • ' ·. :.:..-.: .::. 
I 
c'cc' ._ , ·- c'·'"··"·'J 
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Figure 3.7 i·llustrates the geometry for a transmission imaging 
si'tuati"on where a uniform slab of thickness L is irradiated by a 
collimated beam of monoenergetic photons of area A. 
The differential cross-section doc/dn for Compton scattering 
is given by equation 2.10, that is 
{2.10) 
2 E 
where ro = _e ___ is the classical electron radius and ｡］ｾ＠ • 
m c
2 
m .c 0 0 
For low photon ･ｮ･ｲｧｩ･ｳｩｾﾣ＠ ｾ＠ a-approaches zero ｾｮ､＠ the expression £an y 
be approximated to 
doc ro2 
em- ｾ＠ 2 (1 +·-cos 2 e) {2.11) 
The flux of unscattered photons through a volume A· dz situated 
in the slab at a distance z from the exit face is 
I(z) = I 0exp[- ｾｔＨｌ＠ - z)] (3.12) 
where ｾｔ＠ = total linear attenuation coefficient and !
0 
is the incident 
photon flux. .If ne js the electron density of the· materia] then the 
number of electrons in A dz is neA dz and the total. number of photons 
scattered per unit solid angle is 
(3.13) 
The solid angle subtended by a detector element of area d2r 
located a distance r from the axis of the photon beam -is 
·02 
collimated beam 
area A 
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dn = {3.14) 
where e = tan- I ＨｺｾｳＩ＠ . 
Therefore, the .number of photons scattered into the solid angle 
subtended by the detecting .element d2r by Adz is given · by the product 
of (3.13) and (3.14). However the scattered photons may be attenuated 
in the distance z sec e before leaving the slab so· .that the total 
number of scattered photons reaching the · detecting . element, hs(r), 
is 
L 
h5 (r) =I r 02neA dz 10 J exp[- Py(l- i)]exp[- · pyz sec e] 
0 
(1 + cos2a) ｣ｯｳ Ｓ ｾ Ｒ＠ dz (s+z) (3.15) 
If the distance from the detector to the scattering medium, s, is 
greater than or ｾｱｵ｡｝＠ to-L then cos a varies little with z and 
(3.16.) 
and 
. .. 
(s + z) 2 ｾ＠ (s + ｾ＠ L) 2 (3.17) 
so that the expression now becomes 
(3.18) 
ｷｨ･ｲ･ｾﾷ＠ = ｾｔｏｔＨｳ･｣＠ a' - 1) 
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The total detected photon density in the beam is -
(3.19) 
where hu(r) is the unscattered component given by 
(3.20) 
assuming that r lies within the beam. 
In figure ＳｾＸ＠ hs(r) ( in units ｯｦｾ＠ r 02neA I 0exp(- p1L)) :fs 
plotted versus r for several scattering medium thicknesses L and 
distances to the detector s. Two important conclusions should be 
noted from these results. 'Firstly,that scatter gives rise to broad, 
structureless wings around a -point image and ·that whilst the amplitude 
of this spread is low for a single thin beam .the accumulative effect 
becomes significant as the number of thin beams comprising a real 
.beam of finite width increases. -- -Secondly, -=from ·equations 3.18 and 
3.19 it is clear that the relative .. importance of_hsfr) can be reduced 
by increasing the distance from the scattering medium to.the detector, 
.s.; since this reduces h5 (r) by the factor l/(s + ｾ＠ L) 2 but has no 
effect on h0 (r) .when the primary beam is well collimated. 
Until now the number of scattered photons detected has been 
discussed .in terms of their relative rejection and acceptance either 
geometrically or by means of a lower ·level pulse height discrimina_tor. 
However an alternative approach is the subtraction of scatter by means 
of setting two single channel analyser windows, one over the full 
energy peak (or _a function of. it e.g. FWHM or FWTM) and the other in 
the .scattered photon region of . the spectrum (normally defined i·n terms 
of the angle of Compton scattering corresponding to the photon 
energies). The data is corrected.for scatter by -subtracting the data 
0 ', 
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in the scatter window from the full energy peak data. Results of 
the effect of scatter subtraction on the modulation transfer 
function and the response to a theoretical step function are reported 
by Beck [1972] and indicate that the scatter subtracted ·. data gives 
sharper image contrast than the uncorrected data. 
Experimental confirmation of the theoretical advantages of 
reducing·. the scattering component of the ·reconstruction .data in 
emi.ssion imaging has been provided .. by Dresser [Dresser and Knoll, 
1972] and.Hoffer [Hoffer and Beck, 1971]. Hoffer compares images of 
phantoms and patients collected with Nai(Tl) and Ge(Li) detectors 
thus selecting different scattering components by means of the 
different energy resol-ution of the detectors. The images recon-
structed from Ge{Li) detector data in all cases, particularly for 
multienergetic scans, indicate better definition and contrast than 
. .those .reconstructed from . Nai·(Tl ) ;. data. - ·Dresser .achieves:·· scattering 
component reduction by means of. both energy -resolution -and geometri-ca 1 
selection with the use of collimators. 
3 •. 4.2 . Determination of source depth by scatter.- ·to peak ratio 
measurements. 
The major problem .in single photon emission·.tomography is that /0. 
! ＺＺｴＺＺＺＺｮｾＺＺＺＺＺﾷｩｮＺＺ＠ ::c:::tp:::i:::u:: ＺＺｫＺｨ［ｾＺｮＺＺＺ｡ＺＺＺＺｴＺＺ｡ＺｾＺＺＺＺＺｴｳ＠ I 
. have .been attenuated within the object. This involves accurate 
measurement, or at the least, excellent approximation of:the linear 
attenuation coefficient and the depth of the activity. In medical 
imaging the intervening material is assumed to. be homogeneous and 
the body elliptical and the depth of the activity ts estimated by 
... .... .. ·" . . .. Ｍ ｾ ﾷ Ｍ 1 
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the use of geometrical and arithmetic means of the data from opposing 
·vi·ews. This method, whilst going some way towards solving the problem, 
is however quite unsatisfactory •.. In other non-medical fields where 
emission tomography may be .applie.d there is occasionally .the additional 
complication of limited accessibility of .the object to be imaged and a 
generalised shape cannot be assumed. In both types of application the 
need to .. take opposing views also increases .either the .number of detectors 
.- ---.. ---•· .... ＭﾷＭﾷ Ｍ ＭＮＮＮＮＬＭＭＭ ＮＬＮＮ Ｍｾ＠ ........ --..--·- .. ＭＭﾷｾﾷﾷﾷＭﾷﾷ＠ ... Ｍﾷ ｾＧＢ＠ ...... - • .• -.. •. ｾ＠ .. -.. ... • , .. ,,v• ...., .. .--··:.,"'""""""'4.- ,...., . ..-... ...,...,....,.,,.,..., ｾ＠ .... . ..,..-,..,...,, . ＮＮＮＮＬｾＮＬＮＮＬＮ＠ . ....., .... ..., ... --.. .. , ,,.,., . ...., .. ,,...._.._ .. . ｾ＠ .... ｾ Ｍ ｲＭＭ .. -. ｾ＠ ｾ＠ .... . ...... .,.., ,., •• ,.. ＬＮＮＮ｟ ｾＬ ﾷ＠
·required in the system or the time taken to comp1ete· a scan. 
Ｍﾷｾﾷ＠ ........ ,:-,..._....,___ ....,. ........ , .. '!. ... ｾＭﾷ＠ ...... _ .. ,,......- ｾﾷﾷＭＭﾷｾＧＢ＠ ｾＬＬ＠ ... ,..\; ......... Oo,A ... -(>0::..-,f ;'".,l•t:..> ... '!":1:0,' o"'""' '"''" .......... ｾＬ＠ .......... , ...... ＮＮＮＬｾ＠ .. --· ····---·-·-' •'• " ....... .--,. ............ - ..... 
Therefore, the scatter to peak ratio (SPR) method of organ depth 
or activity depth determination employed ·in scintigraphy. is suitable. 
However, this requires spectroscopic data which is .. not at present 
____ ｟ＮＮＮＮＭＭＭ ＭＭＭＭｾ Ｍ
ｾｾ Ｎ ｾ Ｍ ＡｾｾＭｾｹ＠ available in all ｃＹＬｾｾ･ｲｾ Ｎ ｾ Ｍ ｾ Ｍﾷ ｩｮＺＡｾｊＡＡｾ ＭＭ ｾ Ｎｾ＠ .. ｾｬ Ｎ ｾ Ｎ ｾ Ｍ ｾｭｳ＠ •.. A simple . 
expression [Walford, 1972] can be derived assuming small .angle scatter-
.ing events only. In figure 3.9 the number of scattered photons ds -
.produced . by a thickness dx is 
·ds = I llc dx (3.21) 
where I ts the source intensity -at x and is given by 
(3.22) 
and llc ·= the linear Compton scattering coefficient and 
11T(E11 -) = the linear total absorption coefficient .of the material for 
y . 
the primary photon energy E . y 
Therefore the number of scattered photons from dx ｾ･｡｣ｨｩｮｧ＠ the 
.surface of the medium is 
. . 
ds exp(- llT{Es).(d- x)) = I 0exp(- ｾｔＨｅｳＩＮＨ､Ｍ ·X) - ｾ Ｑ ＨｅｙＩＮｸＩＮｾ｣､ｸ＠
(3.23) 
,. 
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where Pr(Es) = the linear total absorption coefficient (cm-1) for 
the scattered photon energy Es. If only photons scattered through 
small angles, a, are accepted by the detector . .then the difference in 
energy between the primary and scattered photons is small and it can 
be assumed that Pr(EY) ｾ＠ Py(Es), therefore ･ｱｵ｡ｴｩｯｮ Ｎ ＳｾＲＳ＠ becomes 
(3.24) 
Integrating along x gives the total number of scattered photons 
for a source depth d, 
d 
ST = J I 0exp(- Prd)pcdx 
0 
{3.25) 
Therefore the number -of scattered ·photons recorded .by .the detector is 
. ( 3. 26) 
where as is the solid angle subtended .at ·the .. detec-tor-by the scattered 
photons. ｔｾ･＠ number of full-energy peak photons recorded, P, is. 
(3.27) 
where ep is the solid angle subtended at the detector by the source. 
The SPR is therefore 
5 I 0exp(-pyd)dpcas 
ｾ＠ = Ｑ Ｐ ･ｸｰＨｾｰ Ｑ ､Ｉ｡ｰ＠ {3.28) 
In the case of a well collimated or small detector . as is ｾｭ｡ｬｬ＠ and 
can be approxinated to as ｾ＠ ap. 
- 79 -
Therefore the SPR for a point source varies linearly with 
depth, 
(3.29) 
l 
...__....._ ________________________ ｾ＠ Ｍ ｾ ＭﾷＭＭ -------·-- ____ ,_. ' --·· - ·-·-- .. .. ·! 
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CHAPTER 4 DETECTORS AND THEIR CHARACTERISTICS 
4.1 Introduction 
Since the detection and measurement of radiation .is fundamental 
to radiation imaging and the physical significance and hence precise 
selection of the data critical {chapter 3) it follows that the detectors 
employed in a tomographic system should be comprehensively studied in 
order to accurately determine their characteristics. Furthermore, 
technological developments have made available a larger selection of 
detectors which has led to the widespread investigation of the relative 
suitability of detectors for imaging applications, examples· of which 
are: 
(i) a gas filled multiwire proportional counter has exhibited 
promise as a detector suitable for imaging using low 
energy -isotopes in heart studies [Zimmerman ·et ｡ｬｾＧ＠ 1981] 
and a prototype of an imaging gas scintillation proport-
ional counter {GSPC) coupled to a mu1tiwire proportional 
counter (MWPC) has been reported, so combining the good 
energy resolution. of the GSPC with the positi.on sensitivity 
of the MWPC [Ku et al., 1982]. 
(ii) the high spatial resolution and data collection efficiency 
of bismuth germanate has resulted in its widespread applicat-
ion, particularly in positron tomography .systems [Derenzo et 
al., 1981] but also in X-ray transmission systems [Cho et al., 
1978]. 
(iii) sodium iodide has traditionally been used for many years 
and its low cost still makes it a common.choice; systems 
- 81 -
incorporating it can be found in both medical and industrial 
tomography systems for emission and transmission studies 
[Derenzo et al., 1979; Kruger, ＱＹＸｬ［ｈｯｵｮｳｦｩ･ｬ､ｾ＠ 1973]. 
(iv) the low cost and .high efficiency in the detection of high 
energy photons (80% at 662 keV) of a plastiC' .scintillator 
led to its incorporation in an industrial tomography system 
[Hopkins et al., 1981] and the good timing resolution of 
plastic scintillators makes them a favourable :choice for 
positron tomography systems [Mcintyre, 1980]. 
(v) the fast timing resolution of caesium ·fluoride led to the 
investigation of its use as a time of flight ｾｯｳｩｴｲｯｮ＠
camera [Allemand et al., 1980]. 
(vi) several studies utilising high purity germanium cameras 
have been reported combining good spatial .resolution with 
the ability to perform multiple isotope studies due to the 
excellent energy resolution [Glasow et ｡ｬｾＬ＠ 1981; Kurz et 
al., 1977; Mauderli et al., 1980]. 
· .(vii) a system incorporating 200 high purity silicon detectors 
has been developed and gave promising ·results [Naruse et 
al., 1981] and individual silicon detectors were tested 
for tomographic applications [Glasow et al., 1981]. 
(viii) the suitability of a small detector array consisting of 
. . eight cadmium tungstate crystal/photodiode combinati·ons 
has been investigated . [Sanders and Spyrou, ＱＹＸＲｾ｝Ｎ＠
( i x) room temperature ｾ･ｭｩ＠ conductors such as- cadmtum te 11 ur.ide 
and mercuric iodide have been the.subject of a large 
, _j 
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number of research programmes in ｷｨｩ｣ｾ＠ the .advantages of 
their application in imaging systems, particularly due to 
their compactness and good energy resolution,.have been 
studied [Kaufman et al., 1979; Chu et al.,.l978; Ortendahl 
et al., 1982; Sanders and Spyrou,l982a; -Lev-i.et al., 1982]. 
The detection characteristics of several types of detectors 
which were to be employed in imaging studies were experimentally 
determined. These characteristics and other physical · and chemical 
properties .of. the detector material were studied in order ·to invest-
igate parameters jmportant in considering the relative ·suitabil1ty of 
detectors for specific applications. 
4.2 Types of .. Detectors Employed 
4.2.1 Scintillation detectors 
The scintillation detectors studied were .all :inorganic ·and 
comprised: 
(i) two 44 mm diameter x 52 mm sodium iodide (Nai) 
(ii) two 12.5 mm diameter x 12.5 mm tiismuth germanate (BGO) 
('iii) a 25 mm diameter x 25 mm caesium fluoride (CsF) 
(iv) a thin beryllium (0.2 mm) window 25 mm .diameter x 1 mm 
sodium iodide (Nai(Be)) 
{v) an eight detector element cadmium tungstate (CdW0
4
)-photo 
diode combination array; each element 1 .mm x lmm x 6 mm 
with centre-to-centre separation of 3 mm giving an overall 
array length of 22 mm. 
There are several properties of scintillating materials that 
are important when investi·gating their relative suitabil_ity to be 
employed as radiation detectors. Those properties that are of 
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particular importance for imaging applications are tabulated in 
Table 4.1. 
Table 4.1 Properties of ｾ｣ｩｮｴｩｬｬ｡ｴｩｯｮ＠ detector ｾ｡ｴ･ｲｩ｡ｬｳ＠
of particular importance in imaging . [Faruchi, 1978; 
Harshaw Chemie BV catalogue]. 
Nai BGO CsF CdW04 
Density (kg m- 8 ) 3670 7130 4110 7900 
Afterglow (% of 
0.5 to 5.0 <0.005 . <0.005 
ｸｾｲ｡ｹ＠ after 3 ms) 
Wavelength of 
415 480 390 540 
emission (nm) 
Decay constant 
0.23 0.30 0.005 0.5 to 20 
(lJS) 
Scintillation con-
version efficiency 100 8 5 65 
. (compared with Nal) 
Thickness to attenuate 
10.4 2.3 8.4 3.0 
90% at. 150 keV (mm) 
Thickness to attenuate 
67.1 24.4 58.3 .26.2 
90% at 500 keV (mm) 
. Hygroscopic? .yes no yes no 
Approximate cost 
.. compared 1 .0 2.5 X 2 x . 3.5 X 
.. · ·with Nai 
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Afterglow is the phosphorescence or emission of light from the 
sctntillator after cessation .of the X-ray excitation.and it is one of 
the primary properties that .determine the suitability of a. scintillator 
for tomographic applications. This is due to the fact ,that most 
commercial scanners operate in the current mode and it .is the magnitude 
of this current that is recorded as a measure of the intensity of the 
X-ray beam and hence is a measure of the attenuation that has taken 
place along that path. A large amount of afterglow would result in 
a current flowing after each sampling period or ray-sum measurement 
and this current may be recorded in the next sampling period and hence 
·introduce serious errors of measurement. 
The wavelength of the-maximum emission·-·is importa-nt- -for optical..:·· 
matching with either photomultipliers or photodiodes. Of these two 
combinations the scintillator-photodiode is the one for.which the wave-
length is most critical -since efficient coupling -:-with- s-i-licon--photo-
diodes requires longer wavelength emitting scintillators such as CdW04 • 
The magnitude of the decay constant governs the maximum count 
rate .achievable with a ｳ｣ｩｮｴｩｬｬ｡ｴｯｲｾ＠ CsF is unique amongst inorganic 
scintillators having a decay constant of 0.005 vs thus .providing a high 
count rate capability. 
The scintillation conversion .efficiency ·is defined as the fraction 
of all incident particle energy which is converted into light. There 
can occur radiation-less de-excitation processes in the crystal which 
reduce this efficiency and are known as quenching. 
The values of the thicknesses of crystal required .to attenuate 
90% of the incident photons at 150 keV and 500 keV .are .;·ncluded here 
to give an indication .of the reduction in overall dimensions that can 
be made for BGO .or CdW04 over Nal whilst providing the same. stopping power. 
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The hygroscopicity of a material influences the care in handling 
and type of canning required. 
It was the discovery of Nai in the 1950's that began the use of 
scintillators for the spectroscopy of gamma rays and s·ince then, 
despite research into other scintillation mater.ials, has remained the 
most extensively employed • . ,The successful application ·of Nai is 
mainly due .to its very high .light yield which is higher than any 
. other known scintillator and . its linear response over a wide energy 
range. The main disadvantages of Nal are its timing characteristics 
and its ｦｲ｡ｧｩｬｩｴｹｾ＠ The scintillation decay constant of 0.23 ps is 
too long for fast count rate applications and . the phosphorescent decay 
. time is 0. 15 seconds which . contributes--about 9% of,.:the -tota 1. 1 i ght 
output. Nai is hygroscopic and fragi.le thus requiring. air-tight 
canning and careful handling. 
Considerable interest ·has ｾ ｢･･ｮ＠ -shown :in ｂｇｏＬ Ｍｾ ｲ･ｳｵｬｴｩｮｧ＠ -in its -· 
.application becomi ng .:wi despr-ead. --- The linear. attenuation -- coeff-icient 
is more than double that of Nai in the energy range JOO keV. to ... 5. MeV-
(e.g. at 150 keV .p1 (BGO) = 0.998 mm-1 and p1 (Nai) = 0.32 mm-1; at 
1 MeV p1 (BGO) = 0 .• 05 mm-1 and p1 (Nal) = 0.022 mm-1). The afterglow is 
at least two orders of magnitude better than for Nal and · the material 
is non-hygroscopic and mechanically more durable. The major disad-
vantage of BGO is that the scintillation conversion efficiency is only 
about 8% of that of Nai. 
The main usefulness of CsF lies in its very short .decay constant 
of 0.005 ps and hence it is the only known scintillator exhibiting both 
high stopping power and high count rate capabili·ty. 
----------------------'----- ----- - - -
I 
; 
.I 
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CdW0 4 possesses several properties suggesting i'ts usefulness 
for imaging applications including high stopping ｰｯｷ･ｲｾ Ｍ ｨｩｧｨ＠ scintillat-
ion conversion efficiency and : low afterglow. Certain scintillators 
may be operated in de photovoltaic mode by means of .optically coupling 
crystals to photodiodes. The properties of importance when consider-
ing the suitability of scintillators for this mode of operation are 
high scintillation efficiency, the wavelength of emission and low 
. afterglow. The emission wavelength of 540 nm for. CdW04 is suitable for 
spectral matching with sili.con photodiodes and ·therefore CdW0 4 i.s 
. suitable for this type of operation. It has been suggested that the 
next generation of commercial X-ray transmission tomography systems will 
consist .of up to ·-1000 detecting .eleme.nts -whi-ch may be .in .the form of 
scintillator-photodiotle combinations [Faruchi, '1982]. 
4.2.2 .Semiconductor detectors 
The semiconductor detectors -included ·in--this· study were a 10 3mm3 
·high purity germanium (HPGe) detector and ·several :cadmium telluride 
(CdTe) detectors of various· sizes. The ｣ｨ｡ｲ｡｣ｴ･ｲｩｳｴｩｾｳ＠ of.HPGe and 
CdTe are shown in Table 4.2 with those of silicon (Si} and mercur1c 
iodide (Hgl 2 ) for comparison. 
The temperature at which a semiconductor is .operated is governed 
. by the size of the band gap, ｅｾｦ＠ A significant number of charge 
.carriers can be thermally generated with the rate being approximately 
proportional to exp(- Eg/kT) where T is the temperature and k is the 
proportionality constant. Therefore, to reduce this ｢｡｣ｾｧｲｯｵｮ､＠ current 
a large Eg :T ratio is desirable which requires either .a large bandgap 
or .1 ow temperature. In practice Eg must be· greater .. than about 1 • 5 eV 
in order to enab 1 e room temperature operation otherwise .. cryogeni'c 
________________________ .. ..... ... . 
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Table 4.2 Various characteristics of semiconductor detectors 
[Sakai , 1982] • 
Ge Si CdTe Hgl 2 
Atomic number 32 14 ｾ＠ 48 ｾ＠ 80 
Density (kg ｭＭｾＩ＠ 5320 2330 6060 6400 
Operating 
77 77 300 300 
temperature (k) 
Band gap, 
0.74 1.16 1.47 2.13 
Eg (eV) 
Energy to create 
electron-hole 2.98 3.76 4.43 4.2 
pair (eV) 
Drift mobility, 
Jl(mrri2v-Is-I): 
electron 3.6xl06 2.1xl06 l.lxl0 5 104 
hole 4.2xlQ6 1.1 xl 06 104 400 
Mean free time·, 
TT ( S): 
electron 2xlo-s 2xlo-s ·lo-6 lo- 6 
hole 2xlo-s 2xlo-s Sxlo-7 2.5xlo- 6 
. Mobility product, 
. l.tT (mm2v-1): 
electron 72 42 Ｎ ｬｯＭｾ＠ 10- 2 
hole 84 22 ＵｾＱＰＭ Ｓ＠ lo-s 
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ｴ･ｭｰｾｲ｡ｴｵｲ･ｳ＠ will be required. Since the statistical limit for energy 
resolution is _governed by the number of charge carriers produced a 
small value for the energy required to create an electron-hole pair 
is desi·rable. 
In order to maximise the peak to Compton ratio a high l is 
desirable for any detector material, whether semiconductor or scintil-
lator, since the cross-section for the photoelectric effect is 
proportional to z4-S whilst for Compton scattering it is proportional 
to Z. 
A high carrier mobility, ｾＧ＠ results in a shorter transit time 
and hence faster pulse rise time. The mean free time of a carrier, 
T, is the mean time before the carrier is trapped by the trapping 
centres .in the material and depends mainly on the amount of impurities 
present. The charge collection efficiency depends on the mean path 
length.of the carriers, A = ｾｔＮ＠ In order to give good collection 
efficiency A should be larger than the distance between the two electr-
odes. 
HPGe is an extensively employed detector material which due to 
high leakage currents must be operated at liquid nitrogen temperature. 
The small amount of energy required to create an electron hole pair 
results .in the exce 11 ent energy reso 1 uti on a chi evab 1 e with .these 
·detectors. This property, combined with the fact .that large volume 
detectors can be fabricated,.makes HPGe .a popular choice for gamma ray 
spectroscopy over a wide energy range (10 keV to a few ｾＱ･ｖＩＮ＠ Table 
4.3. shows the energy resolution achi·evable with typical semi·conductor 
detectors. 
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Table 4.3 Energy resolution achievable with typical semi-
conductor detectors [Sakai, .1982]. · 
Ge Si CdTe Hgi 2 
Typical electric 
104 104 
field (V mm-1) 5xl0
3 105 
Typical mean free 
path, A (mm): 
electron 2xl03 2xl0 3 5 10 
hole 2xl03 2x10 3 0.25 o. 1 
Typical detector 
thickness (mm) up to 30 up to 10 · up to 2 up to 2 
Gamma ray energy 
resolution, FWHM 
( keV): 5.9 keV 0.16 1 . 1 0.295 
60 keV 0.3 0.4 1.5 1.2 
122 keV 0.4 0.55 4.5 2.0 
662 keV 0.9 0.9 8.0 4.5 
The CdTe detectors employed in this work .ranged in diameter from 
3 mm to 5 mm and thickness from 0.5 mm to 1.3 mm. Each crystal was 
mounted directly in a BNC connector of diameter 11 mm and ｣ｯｮｮ･｣ｴｾ､＠
to a preamplifier. 
High resistivity CdTe is an .attractive materi·al for . use as a 
high efficiency room temperature gamma radiation detector .. because of 
its high atomic number, low electron-hole pair creation energy and 
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wide bandgap. The development of CdTe detectors began in the 1960's 
and its applications are now widespread, including various medical 
diagnosis instruments [Correia et a 1 • , 1981; Smith et a l .. ｾ＠ 1981], 
high flux monitoring devices [Enti ne et a 1., 1981] and .. ;·n tomography 
systems .. [Chu et a 1 • , 1978; Kaufman et a 1 • , 197.9]. A.l though spectrA>-
meter.grade detectors are produced (Table 4.3) the transport properties 
are such that it is difficult . to produce large detectors with good 
energy resolution. The resolution is limited by the charge carrier 
collection, particularly of holes, which is dependent on intrinsic 
and.impurity defects. These defects act as effective charge carrier 
traps giving rise to low mobility products for holes resulting in low 
charge carrier collection. 
A major disadvantage in the application of CdTe detectors is 
.the phenomenon .of polarisation which leads to .a time-dependent decrease 
in counting rate and energy resolution.· When a voltage is applied to a 
. CdTe detector. ionisat·ion of impurity atoms (acceptors in the case of · 
.. p-type materi.al as used in these detectors) causes the 'formation of a 
space charge region extending from the positive contact. As · this 
space charge increases the depletion layer thickness decreases. 
Polarisation not only depends on the material but also ,on the surface. 
Although CdTe detectors are commerc.ially available the reproducibility 
of detector quality is not possible so that matched detectors cannot 
be reliably fabricated. 
l ｾ＠ . ,. :- ' ., • 
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4 .• 3 Experimentally Determined Characteristics and Their Pertinence 
· to Imaging 
4.3.1 Introduction 
The characteristics of the detectors operated in .pulse mode, 
that is, those described in section 4.1 except the CdW0 4 array, were 
measured .and are discussed :in the following sections • . However, the 
CdW04 .ar.ray is operated in the current mode and consists of several 
individual detecting elements. Therefore .the detection properties 
and method of determination .are .dissimilar to those of the other 
detectors.and for this reason will be discussed elsewhere (section 
6.4). 
4.3.2 .Intrinsic photopeak efficiency 
In medical imaging where X-ray exposure or the activity of the 
radionuclide adminfstered ,-:is--dose .. limi.ted the efficiency of the 
detectors used . is critical. There is .a minimum effi.ciency required ·-
for each system .in order to.obtain ｡､･ｱｵ｡ｴ･ｾｯｵｮｴｩｮｧ ﾷ ｳｴ｡ｴｩｳｴｩ｣ｳ＠
within the available counting time which may be · very short, as in 
dynamic studies. In industrial applications which are not normally 
dose limited a high effici .ency requirement may be associated with 
cost effectiveness. The presence of noise in an image is generally . 
due to statistical fluctuations in the data (section 2.2.6), that is, 
the number of photons recorded, and.hence a high effjciency is 
desirable in order to minimise .noise and hence ·improve image. quality. 
The intrinsic photopeak efficiency defined in e_quation 3.4 was 
measured for each detector over its useful energy . range.. In each 
case the detector and an isotropic point source were mounted in a 
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perspex stand such that the centre of the detector was aligned with 
the point source. The area of the full energy peak was determined 
by the method outlined in section 3.3.3, that ;·s, ·a trapezoidal back-
ground was assumed and subtracted from the tota 1 area .. The upper and 
lower limits of the peak were estimated and the validi.ty of this 
estimation was tested by evaluating the ratio of the FWTM over the 
FWHt4, which for a Gaussi·an distribution is 1.823, and the limits 
adjusted until the error in the estimation was acceptable ( in 
practice va 1 ues for ｆｾｉｔｈＯＧｦｷｈｾＱ＠ of 1 • 823 ± 0. 05 were accepted implying 
an acceptable error of.about 2%. in the peak width). 
The results of the intrinsic photopeak efficiency. as a function 
of energy are shown in figure 4.1. For the scintillation detectors 
the efficiency is higher for those with higher absorption coefficients, 
i.e. BGO > CsF > Nai, as expected. The shape of the curve for Nai 
may be .due to absorption -of low energy photons in ·the aluminium _ ＭｾＭＺ＠
. canning whereas--'BGO :has -a thin window of resin. type materia 1. HPGe 
has a higher efficiency-than,Nal (Be window) at low energies but it . 
decreases significantly after 50 keV and the Nai ·(Be window) becomes 
competitive for energies >.so keV •. It should be noted that the 
efficiency .of CdTe decreases from a few% to l0-2% between 60 and 
100 keV. 
If ·efficiency were the only criterion for .detector selection 
then .the selection would depend on the energy range of the application, 
and for these detectors would be: 
(i) BGO for 0.1 ｾ＠ E ｾ＠ 2 MeV 
(ii) Nai {Be window) ·for ＵＰｾ＠ E ｾ＠ 120 keV 
(iii) HPGe for 10 ｾ＠ E ｾＵＰ＠ keV. 
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Figure 4.1 Photopeak efficiency as. a function of energy 
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4.3.3 Energy resolution 
The energy resolution of each detector was measured .in terms of 
its full width at half maximum as a function of ｾｮ･ｲｧｹＮ＠
The importance of energy resolution with respect.to the contri-
bution of scattered photons to the photopeak region has been discussed 
in . section 3.4.1. For example, from the re_sults in Tab·le 3.3 it can 
be calculated that a reduction in detector resolution from 10 keV to 
l keV for an incident gamma-ray energy of 100 keV results in a 
48 fold reduction in the number of accepted Compton .scattered photons 
and at 400 keV the same reduction in resolution produces ·a 105 fold·l 
reduction in the number of scattered photons accepted. 
The results of energy resolution ＨｆｗｈｾＱＩＺ＠ as a function of gamma 
ray .. energy are shown in figure 4.2. In Table ·4.'4 the .minimum photon 
energy. accepted within· -the-FWTM ·of the peak ·is -expressed-.. ;n terms of 
the .angle of Compton scatter at that energy • . Thi:s makes .possible the 
compa ri· son of the re 1 a ti ve abi 1 i ty of each detector .to di scrimi nate 
against .Compton scattered photons. Using energy resolution as the 
criter.ion. for the relative suitability of each detector the selection 
would be: 
'(i) BGO ｦｯｲｅｾ＠ 1.3 MeV 
(ii) Nai for 0.5 ｾ＠ E < 1.3 MeV 
(iii) CdTe {7/1) for 60 ｾ＠ E < 500 keV 
(iv) . HPGe for 10 < E ｾ＠ 50 keV. 
4.3.4 .Photofraction and peak to scatter ratio (PSR) 
Spectra were measured.for each detector with and without a 
scattering medium between the source and the detector. A point source 
. ..... ｾﾷｾＺＺＭ ｾﾷ＠
> (1.1 
.Y 
102. 
10 
1 
0·1 
10 
Fi.gure 4.2 
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2. CsF 
3. Nal 
4. CdTe(scanner) 
5. NaT(Be window) 
6. CdTe(7/1) 
7. HPGe 
/ 1"' ' 10,.. ＱＰｾ＠ 103 
Photon energy ( keV) 
Energy resolution as a function of energy 
Irregularity in curves occur for detectors 2, 3 and 5 which are large 
surface area scintillators. 
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Table 4.4 Compton scattering angle ( 0 ) .corresponding to the 
1 ower energy side of. the FWTr1 for .se 1 ected energies. 
Energy CdTe 
Nal CsF BGO CdTe 7/1 Na.I (Be) HPGe (keV) scanner 
34 > 180° >' 180° > 180° .19.8 
60 > 180° 52.5 144.5 > 180° 14.9 
122 59.9 > 180° > 180° 31.3 69.2 10.7 10.4 
356 30.4 67.2 58.9 6.1 
511 29.1 43.0 36.9 
1836 11.7 
Table 4.5 PSR for scattering angles-30° to 40°, photofraction and 
ratio of each.of these with to without a scattering 
medium 
Detector Nai ·CsF BGO CdTe 7/1 Nai (Be} HPGe 
Energy (keV) 662 662 662 81 60 60 
PSR 30° .to 40° 
WITH 5.96 1. 90 5.58 2.66 302.21 6.25 
HITHOUT 10.22 2.48 9.59 38.55 1056.03 30.00 
Ratio 0.58 0.77 0.58 0.07 0.29 o. 21 
Photofraction 
WITH 0.23 0.13 0.26 2.5xlo-3 0.63 0.17 
WITHOUT 0.32 0.19 0.40 2.9xl0-2 0.54 0.30 
. Rati·o 0.72 0.68 0.65 0.09 1.16 0.57 
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was placed in a polyethylene vessel of .water such.that ｾ＠ 100 mm of 
.water surrounded it. (It was shown [Asual, 1980] that .when the 
amount of water behind a point source was ｾ＠ 80 mm ·the backscatter 
contribution to the PSR remained constant). The source .. to collimator 
distance was always 100 mm. All the detectors except for CdTe and 
.HPGe were collimated with a 25 mm diameter x 52 mm collimator so that 
the total source-detector distance was 154 mm (including .. the wall of 
the .vessel). 
The PsR•s were calculated from the photopeak area above the 
FWTM and the area within an energy window defined by the angle of 
Compton scatter. The PSR ' ris a measure of ｾｨ･＠ combined effects of 
.energy resolution and photofraction. Ｍ ｾｨ･＠ photofraction, ije. the 
ratio of the area under the photo-peak to that of . the total response 
spectrum was also calculated and is related to .resolution, efficiency 
.and Compton scatter.>cro·ss.;-s·ectiun and·.:a, ·large ·.-value·is .desi·rable to · 
minimise the effects of scatter and escape peaks in .the spectrum • 
. Table 4.5 shows the results of PSR for a ＳＰｾ ﾷ ｴｯ Ｎ ＴＰﾰ＠ Compton : 
scattering angle window and the photofraction .with and without the 
scattering medium. In ·imaging high PSR values ·and photofractions ·and 
minimum .. degradation of each due to a scattering medium are desirable • 
. The ratio of the PSR or photofraction with the scattering medium 
present to that without is a measure of this degradation. · 
· The higher values of the PSR at lower energies are mainly due 
to the r.apid decrease in the photoelectric absorption cross-section 
·from .60 . keV. to 662 keV. Using PSR and photofraction as the criteria 
for detector selection then Nal and BGO would be equally favourable 
choices for higher energy applications whilst in the .lower energy range 
the choice would be Nal (Be). 
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4.3.5 Detection limits and homogeneity 
Environmental background spectra were measured in air for each 
detector covering the energy range of interest. The detection limit 
(DL) is defined as fiB [Spyrou et al., 1974] where .IB is. the standard 
deviation of the background counts underlying the photopeak area 
selected for each energy and .f is a factor which determines the 
precision of the DL, for example, for f = 2, as used in these calcu-
lations, ·the relative error is 70%. The product of the detection limit 
and the inverse of the detector efficiency gives the.minimum detect-
able quantity of .a single ｧ｡ｭｭ｡ｾｲ｡ｹ＠ energy source of a specified 
energy. The .importance ｯｦｾｴｨｩｳ＠ parameter in ｩｭ｡ｧｩｮｧｾ＠ particularly 
in emissi-on mode, .-is obvious. 
Table 4.6 shows the results at selected energies for the minimum 
.detectable quantity in terms .of---the minimum .,.number -of photons per . 
. second required ｾｯ ﾷ ｩｭｰｩｮｧ･ｾｮ Ｚ ｴｨ･＠ ｦ｡｣･ Ｍ ｯｾｴｨ･ｾ･ｴ･｣ｴｯｲ＠ in order to 
result in a detectable -signaL.(i .e. ｾ＠ -2113). The results for the 
scintillators Nai, CsF and BGO are related to the respective photopeak 
efficiencies, i.e. BGO < CsF < Nai. Although IB partially depends on 
Ｎ･ｮ･ｲｾｹ＠ resolution, since this determines the width of the energy 
window within which B is measured, . this seems to have little effect 
on the minimum detectable quantity. 
Each detector was scanned across its surface and along its 
.length with a 1 mm ·diameter collimated.beam of photons. From these 
results .the position and volume of the crystal within the detector 
casing .and the homogeneity of response across the active volume can 
be .. determined. Non-homogeneity becomes important in the detection of 
.a.fine beam of photons, such as in transmission tomography, and/or 
when detectors are to be matched. 
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Table 4.6 Minimum Detectable Quantities (photons s- 1 ) 
E 
* 
{keV) Nal 
60 11.7 
122 8.3 
356 44.3 
511 38.3 
1836 
E = 412 keV y 
CsF BGO · CdTe 7/1 Nal (Be) 
6.7 2.1 
·. 5. 6 2.6 27.3 35.1 
'14. 6 2.3 55.0* 
13.1 2.0 
16.7 
The results of these experiments showed that the response .was 
uniform across the face of the active areas of all the detectors 
except for Nal (Be window). The profile of the ｲ･ｳｰｯｮｳｾ＠ for Nai (Be) 
.is .shown in ｦｩｧｵｲ･ Ｎﾷ ＴＮＳ ﾷ ｡ｮ､ｾｨｾ＠ extra· sensitive ｡ｮｮｵｬｾｳ＠ which ｩｳ ｾ ｷｩｴｨｩｮ＠
the quoted manufacturers· area of the ··crysta 1. . This cannot be explained 
·by. non-uniformity of the thickness of · the beryllium window ·since · 
calculations. show that a difference in thickness cf tens·. of -millimetres 
.is required to produce this effect. This result illustrates the need 
for homogeneity measurements and as a result accurate collimation and 
positioning are required. 
4.4 The Effects of Polarisation on the Detection Characteristics of 
.CdTe 
The effects of the polarisation of CdTe are the major limitations 
in their successful application in many fields and in none is this more 
acute than in t6mography. In the reconstruction .process the project-
ion data are .determined by the relative magnitude of the ray-sums and 
hence its accuracy depends on the stability of the detectors employed. 
-------------------------------·- -·· ... 
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crystal position (mm) · 
Relative. response of the ｎ｡ＮｘＧｾ･＠ ｷｾ､ｯｷｬ ﾷ＠
detector obtatned from homogeneity measurements 
---------------------------- -----
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The reduction in count rate and pulse height which are a result of 
polarisation therefore make the application of CdTe detectors in 
tomographic systems impracticable, particularly when operating in 
pulse mode and using pulse height discriminator counting windows. 
The polarisation effects of three detectors were investigated 
by exposing the detectors to gamma radiation and measu·r; ng the count 
rate and relative pulse height as a function of time after application 
of the bias. The decay of the count rate and reduction in pulse 
height as a function of time are shown in figures 4.4, ·4.5 and 4.6 
for several gamma- ray energies. 
From the results for . the reduction of count· rate with time there 
appear to .. be two polarisation ·time .. constants ·which ·is consistent with 
previous .s.tudies [Hodgkinson et al., 1978; Bell et al.,-1973]. The 
major reduction in count rate occurs during the first few minutes and 
is fo 11 owed by a sma 11 er change which continues for severa 1 hours·. ·-.- -· 
There .is no change in the rate of polarisation due to the 
removal of the radiation source thus ｣ｯｲｲｯ｢ｯｲｾｴｩｮｧ＠ the · theory that the 
phenomenon . is bias induced. ·Further, the polarisation ｾ｡ｮ＠ be eliminated 
by .removing the bias from the detector and re-applying it afresh a 
few .minutes ｬ｡ｴ･ｲｾ＠
·The results indicate that the ｾｦｦ･｣ｴｳ＠ of polarisation are diffe-
. rent for each detector, for example, at 60 keV there is a reduction of 
30% in the count rate for detector 16/l after 60 minutes while for 
detector 7/1 this reduction is only 6%. The polarisation time constants 
also vary for each detector, for example, at 60 keV .the initial major 
reduction in the relative peak area is still continuing .. 60 minutes 
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Figure 4.4 Variation of count rate and pulse height with 
time after application of bias for CdTe detector 7/1 
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after application of bias for detector 16/1 whereas for detector 7/1 
this short time constant effect has stopped 30 ·minutes after .the bias 
was applied and the gradual reduction wi'th the long time constant is 
then .dominant. 
For so long as the problem of polarisation prevails the suita-
bility.of CdTe detectors to be incorporated into .tomograph1c systems 
is low despite the other desir.able properties that ·the material 
possesses. _Their application would require accurate parameterisation 
of the effects of polarisation for each detector and· the use of 
sophisticated electronic systems . to.implement the necessary corrections . 
to .the operating parameters during use. 
4.5 _ The Scatter to_ Peak·:· Ratio -{SPR) -as a Function of .Absorber 
Thickness in Transmission Mode 
4. 5.1 Theoreti·ca 1 ､･ｲ ｾ ｩ［ｶ｡ ﾷ Ｎ［ＮｴｩｯｮＺＮＮＡｏｦ＠ an ;expression-:re·l attng : SPR ,_ and -_the .. 0 - · 
thickness of an absorber 
An expression can be derived for the emission situation relating 
the SPR to . the .depth of a sourte in a scattering medium (section 3.4.2). 
For . the transmission situation a similar expression can be derived for 
the relationship between the SPR and the thickness of ·an absorber 
placed . between a well . collimated ·detector and ·a: point source in air. 
· In. figure 4.7 a slab of homogeneous .material of thickness t'is placed 
.at .a. distance x from a point source and the total source .. to collimator 
ｾ Ｍ ､ｩｳｴ｡ｮ｣･＠ is d. The number of scattered photons dS . produced in a thick-
. ness .dt of the absorber is 
dS = I ｾ｣ｻ｡｢ｳＮＩ•､ｴ＠ ( 4.1) 
where Pc(abs.) =the linear Compton scattering coefficient of the 
______ ___;.. _____________________ -- - -
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detector 
d 
X 
\ 
point source 
ｬｦｩｾｵｲ･＠ 4. 7 Representation of small angle scattering 
geometry in an absorber for a point source in air 
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absorber and I is the source intensity at x given by 
(4.2) 
where ｾｔＨ｡ｩｲＩＨｅｙＩ＠ and ｾｔＨ｡｢ｳＮＩＨｅｙＩ＠ are the total linear absorption 
coeffictents of air and the absorber respectively for .the primary 
photon . energy E. Therefore the number of scattered photons from dx y 
reaching the surface of the absorber is 
(4.3) 
where ｾｔＨ｡｢ｳＮＩＨｅｳＩ＠ is the linear total absorption coefficient for the 
scattered photon energy E5 • If only photons scattered through small 
angles, e, are .accepted by the detector then the· difference in··energy 
between the primary and scattered photons is small and the approximation 
that ｾｔｻ｡｢ｳＮＩＨｅｙＩ＠ ｾ＠ ｾｔＨ｡｢ｳＮＩＨｅｳＩ＠ can be applied and equation 4.3 becomes 
Integrating with respect to t gives the total number of scattered 
photons from an absorber of thickness i reaching the detector, i.e • . 
• (d - X _- t)] (4.5) 
where es is the solid angle subtended at the detector by ·the scattered 
photons. The number of full-energy peak photons recorded, P, is 
- 108 -
where ep is the solid angle subtended at the detector ·by the source. 
Assuming, for the same reason as for ｾｔＨ｡｢ｳＮＩＧ＠ that 
ｾｔＨ｡ｩｲＩＨｅｙＩ＠ ｾ＠ ｾｔＨ｡ｩｲＩＨｅｳＩ＠ then 
e s s "' I) 
'"' = - •［ｵﾷｾ＠ ( b ) 
• ep c a s. 
In the derivation in section 3.4.2 es is approximated to 
(4.7) 
es ｾ＠ ep, however, in practice this requires a very highly collimated 
detector and is not applicable in the following discussion. 
4.5.2 Experimentally measured SPR's and determination of the linear 
Compton scattering coefficient 
The va 1 ues of SPR were experimentally determined for the -Nai -· :.:. 
and CsF detectors for several absorber thicknesses. In each case 
the .collimated detector (collimator dimensions 2 mm diameter x 52 mrn 
length) and isotropic 1 37Cs(662 keV) point source were mounted in a 
perspex stand such that the source and the centre of the detector were 
in alignment. An absorber was placed at a·distance of 15 mm .above 
the source and the spectrum recorded. The total source ·to collimator 
distance was 100 mm. 
The spectra were analysed on a computer for peak area, energy 
resolution and SPR. The programme used . [Kilgour, 1982] calculates the 
SPR for -scattering windows each corresponding to a width of 10° 
ranging from a scattering angle of 0° to 180°. The full energy peak 
is assumed to.be Gaussian and various methods of peak .area determination 
l 
.d 
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were applied including: 
(i) the area within the full peak width ｾ＠
(ii) ｴｨｾ＠ area within the FWHM and FWTM 
(iii) the area within limits defined in terms .of the Gaussian 
standard ､･ｶｩ｡ｴｩｯｮｾ＠ a, i.e. 1.4a [Robertson et al., 1975] 
and 2.14a [Heydorn and Lada, 1972]. 
In each case the background.underlying the peak is assumed to be 
trapezoidal and is subtracted from the total area within the limits. 
The SPR values calculated using the peak area limits described 
above were plotted as a function of absorber thickness for several 
scatter w.indows ranging from 30° to 80°.. Scattering angles· in··· thi ·s · 
range were selected for two reasons. Firstly, the lower limit of 
the full energy peak for .both detectors corresponds to a scattering 
angle of 30° ｡ｮ､ Ｍ ｴｨ･ｲ･ｦｯｲｾ＠ stattered photons ｾｲｯｭｾｮｧｩ･ｳ ﾷ ｬｾｳｳ ｾ ｴｨ｡ｮ Ｍ --
this are .included in the .peak. Secondly, the maximum angle through 
.which a.photon can be scattered and remain within es is 85° and there-
fore for windows corresponding to greater scattering angles the 
photons are certainly due to multiple scattering events. 
The mean of the gradients of the graphs corresponding to diffe-
rent peak window limits were determined for each scattering angle and 
the results are shown in Table 4.7. The mean of the results for all the 
scattering angles for the two detectors are: 
Nal; mean gradient= 0.014 ± 8 x 1Q-4mm-1 
CsF; mean gradient = 0.013 ± 5 x 1Q-4mm-1 
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Table 4.7 ·Mean gradient (mm- 1 ) for each .scattering angle 
window 
Mean gradient of graph 
Scattering angle 
window ( 0 ) (mm-
1 ) 
Nai CsF 
30-40 0.0140 0.0130 
40-50 0.0136 0.0130 
50-60 0.0130 0.0118 
60-70 0.0141 0.0129 
70-80 0.0153 0.0125 
If es;ep is unity then the values given above should be · .
. approximately equal to the linear Compton scattering -coefficient Pc·. 
However, under the geometrical -conditions ｾｦ＠ ｾｨｩｳ＠ experiment 
es;ep = 3.2. Therefore the gradient should be multiplied by this-
.factor, giving .the results 
CsF; gradient x es;ep = 0.040 ± 2 x l0-3mm-I 
The theoretical value of. the linear Compton ［ ｳ｣｡ｴｴ･ｲｩｮｾ＠ coeffi-
cient.at. 662 keV [Storm and .Israel, 1970] is 0.043 ± 4 x 1o-smm-I and 
the experimental results obtained above agree within the error limits. 
Therefore, it has been shown that the linear Compton scattering 
coeffi.cient of a material can be experimentally determined in trans-
mission mode by means of SPR measurements and the application of the 
fonnula (equation 4.7) derived above. 
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.4.6 Discussion 
As section 4.1 indicates the variety of radiation detectors now 
available is immense and continues to expand. Recent developments in 
detector technology include: the study of superconducting tunnel 
junctions at OK in Sn, the results of which suggest an energy resolut-
i.on which is much better than .. that ach1 evab 1 e with semi conductor 
.detectors [Kurakado, 1982]; the development· of a position sensitive 
neutron detector comprising 400 6 Li glass scintillators each 5 mm wide 
[Kurz et ,al., 1982]; and the demonstration of a .silicon strip detector 
with .spatial resolution of 12 ｾｭ＠ for a-particles [England et al., 1982]. 
There is therefore the need to investigate criteria by which detectors 
may be selected -for particular ｡ｰｰｬｩＮ｣｡ＮｴＺｩｯｮｳ ＭｾＭ ｢ｹ ﾷ ﾷ ｭ･｡ｮｳ＠ of -: -thei"r .character-
istics, attested by the publication .i'n recent years of numerous articles 
in which detectors are compared [Sanders and .- Spyrou, l982; Faruchi, 
1978 and 1982; Sakai, 1982]_. .. .. 
Therefore, with this view in mind, that is, the investigation of-
.criteria by which the relative suitability of detectors to particular 
tomographic applications can be determined, the results .of .section 4.3 
are summarised in Table 4.8 •. Listed in the table are the · parameters 
considered important in the determination of··the suitability of detectors 
for imaging applications. A number of specific types of· tomography are 
listed and where a parameter is particularly important this is indicated 
by the number corresponding to that specific application; when this is 
1eft blank the parameter is equally important to all three applications. 
The relative suitability of each detector, within its useful energy 
range, : is indicated s·uch .that:_**** outstanding, *** .acceptable,** 
borderline and * unacceptable. 
L---------------------------------·-.. --- - ·-
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Table 4.8 Sumnary of results for secti.on 4.3 
Photo peak 
Detector 
efficiency 
Nai ** 
BGO **** 
CsF *** 
HPGe *** 
Nal (Be) ** 
CdTe * 
Applications 
Application key: 
Energy Detection Count Physical 
PSR 
resolution limit rate site 
*** *** ** *** *** 
** *** **** *** **** 
** * *** **** *** 
**** *** *** * 
* **** 
*** 
*** *** 
*** *** * ** **** 
(3} ( 1) (2} (3) 
{2) 
(3) 
{1) Medical transmission tomography 
(2) Single photon emission tomography 
Useful 
energy 
range (keV) 
100 to 
1500 
100 to 
2000 
300 to 
1000 
10 to 
60 
10 ·to 
100 
100 to 
500 
(3) Multi-energetic/high activity tomography. 
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In the final selection of a detector for imaging applications 
all the above parameters should be taken into .account, . particularly 
the energy resolution, PSR and photopeak efficiency. At present it 
is common practice in the evaluation of detectors incorporated into 
imaging systems that only the photopeak efficiency is considered. 
However, the quality . of the data used in the image formation are 
equally, if not more, important than a high count rate since scattered 
photons seriously degrade . image quality {section Ｓｾ Ｎ ＴＮＱＩ＠ and therefore 
energy resolution and PSR are.equally important parameters in 
detector evaluation. 
CdTe possesses several properties that make it a favourable 
·choice to be incorporated into imaging systems, particularly good 
.energy resolution, high peak to scatter ratio and small physical size. 
However, as the results of section 4.4 indicate, its suitability is 
limited due to ·the .effects of ·.polarisat-i.on. To recapit-ulate, this · .·-· 
.·results in a reduction -in --the .cou.nt .. rate -.and .pulse .he.i.ght with -time 
after the application .of bias which would have obvious repercussions 
on the accuracy ｯｦｾｨ･＠ data recorded .in an imaging application. 
Therefore, .until the problem of polarisation is overcome, ·the wide-
.spread application of CdTe detectors in imaging ·is unlikely. 
The result of section 4.5, that is, that the linear Compton 
scattering coefficient, ｾ｣Ｇ＠ of a material can be determined in trans-
mission mode by means of scatter to peak ratio (SPR) measurements 
could be extended to tomographic applications. In this case the 
projection data would now comprise not of ray-sums but of "SPR-sums". 
The reconstruction of this projection data, assuming good collimation, 
.would therefore give the spatial distribution of pc .. within the object 
and si nee ｾ｣＠ a: Z the reconstructed ··' image waul d a 1 so represent the 
atomic number. distribution. 
I 
... ﾷ ｾＺＺＺＺｾ Ｚ ＭＺﾷｾｾＭＺＺ＠ .; ｾ＠ Ｇ［ｦＢ＿Ａｾｾ ｟ＮＮ＠ ｾ＠
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CHAPTER 5 DESIGN AND OPERATION OF THE PROTOTYPE SCANNING 
RIG AND DATA PROCESSING METHODS 
5.1 The Prototype Scanning Rig 
5.1.1 Design and control of the scanning rig 
The three major considerations in the design of an .automated 
to.mographic system are the axes of movement, timing and motor control 
.precision and data input and output methods. 
It is in the design of the. hardware of the rig that the axes of 
movement are important. In order to allow tomographic.measurements 
. there must be lateral translation of a platform on which the object is 
placed along an axis which is perpendicular to the axis of the detector-
source configuration. The platform must also· be able to rotate. 
Figure 5.l(a) shows a plan view diagram of the scanning rig motor and 
slide assemblies and ｦｩｧｵｾ･＠ ＵｾｬＨ｢Ｉ＠ shows the side view of the object 
platform. The detector-source axis is the x-ax.is and the translation 
of the object takes place in the y-axis. Motors are also incorporated 
.into this scanning rig which allow detector and source movement in the 
x-axis and the adjustment of the object platform height in the z-axis. 
The detector and source are mounted on platforms ·whose height t 
-. 
can be manually adjusted and which can be moved ·along the ｸｾ｡ｸｩｳ＠ by ｾ＠
· motors .. ｾｬｩｧｮｭ･ｮｴ＠ of the detector and source collimators is obviously 
essential and is achieved accurately by means of a l:mm diameter laser 
beam. 
The axis of rotation of the object platform must. be aligned with 
the path defined by the collimator. This is achieved mechanically by 
means of. a bracket .that fits over the platform and is aligned with the 
. slide assembly in the x-axis. 
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M = ｭｯｴｾｲ＠
f;-1----1 
z 
platform 
M=motor 
- y 
Figure 5.1 (a) Plan view of motor and slide assemblies 
in the prototype scanning ｾｩｧ＠
(b} Side view alo_ng :x;-axis· o;f; s-canning r.ig 
...._. __________________________ ___,_:...__ _ _________ - ---- - - -- --
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The slide and motor assemblies used are standard UNISLIDE units 
(manufactured by Time and Precision Ltd.) with rotary precis ;·on of 
0.01° and translation of 0.05 mm. 
The timing and motor control are carried out by utilising two 
microcomputers. One of these.is the standard MOUSE module [Stevens 
and Newton, 1979] and the other is a modified stepping .motor control 
MOUSE. [Huddeleston, 1980]. 
MOUSE ( 11microcomputer.organised for users 11 ) is a .microcomputer 
in.the standard AERE 6000 series of modules and provides a number of 
ways for .users to incorporate microcomputer based data .acqu1sition 
and control. MOUSE contains a number of facilities .. including eight 
32 bit scalers, one timer, sixteen inputs and outputs and ·an IEEE-488 
1975 standard digital interface for programmable instrumentation. A 
fixed control programme is incorporated into MOUSE and is used to 
operate the facilities either via the IEEE-488 interface · from an .. · 
external IEEE-488 ｾｯｮｴｲｯＱＱｩｮｧ ﾷ ､･ｶｩ｣･＠ or by adding to the standard· 
control programme --further software whi-ch is specific to the .application. 
The control and data processing programme ·can ·be written in a 
high level language (e.g. BASIC) on an external computer and, via the 
IEEE-488 interface, operates the standard MOUSE .which.can be employed 
. for data acquisition and control . interfacing operations. Tbis is the 
mode of operation of one of the MOUSE modules incorporated into the 
.·. scanner. The external .control programme is written in BASIC on a 
Research .Machines Ltd. {RML) 380Z. 
The second MOUSE is a modified unit for stepping.motor control. 
In ·this case the hardware . is essentially the same as the standard 
MOUSE but now contains the control programme for the stepping motor 
L---------------------------······ .. .. - - - - - .: , . ,. .. . Ｎｾ＠ . ｾＧ＠
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control. The extra software is activated, when required, in response 
to commands from the external control . programme via .. the ·iEEE-488 inter-
face. The timing resolution of.MOUSE is lOO .ms and each scaler has a 
capacity ｯｦ ﾷ ｾ＠ 4 x 109 counts. The stepping motor control MOUSE has 
a range of steps from 0 to 4.2 x lOg steps and of speed.from 0.25 to 
·200 steps per second. 
Therefore, data required for the control parameters of the 
scanning rig .are transmitted"to MOUSE via an external computer, the 380Z. 
The. data acquisition is also carried out by rt10USE through its scalers 
and transferred to the 3BOZ· where it is stored on floppy disc. The 
data must have passed through an analogue to digitalconverter before 
entering MOUSE. 
The scanning parameters under the control ,of. the user in the 
external -control programme on the 380Z are: 
(i) the size of the field of scan (a circle, the diameter ·of 
.which is the input parameter) 
(ii) the length of the detector steps 
·(iii) the counting time for each ray-sum 
(iv) the. number of projectionsin 180° (and hence size of the 
incremental angle). 
The data input channels selected are described in section 5.2.1. 
. -
5.1.2 Description of phantoms used for emission and transmission 
Tomographic scans were carried out with phantoms ·in both trans-
mission and emission mode. The phantoms in,both cases. were designed 
to investigate . the limitations of .the system in terms of contrast and 
spatial resolution. 
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In transmission mode two ｰｨ｡ｮｴｯｭｾ＠ were constructed and scanned, 
TPl and TP2. 
TPl: Phantom for contrast studies in transmission mode • 
. The ·phantom shown in figure 5.2 consisted of a square polyethy-
lene box of side length 80 mm containing eight polyethylene vials with 
internal diameter 14 mm surrounded by water. Each vial . contained a 
different -concentration of .lead nitrate Ｈｐ｢ＨｎＰ Ｓ ＩｾＩ＠ solution. The 
concentration of Pb(N03)2 in each vial is shown in Table 5.1 in terms 
of its per.centage weight by weight (.% w/w) of a standard . solution. 
This standard solution contained 0.04 kg Pb(N03)2 ·in 105mm3 of H20 
and hence 1 kg of standard total solution contains 0.286 kg of Pb(N0
3
)
2
• 
Subsequent % w/w dilutions were with H
2
0. 
The attenuation coefficients of these solutions are calculated 
at 660 keV . and 60 . keV ·from the data · tables -compi-led ,by Storm and ·Israel 
. [Storm and ｉｳｲ｡･ｬｾ＠ 1970]. The · results for the mass and linear atte--
nuation coefficients for both energies are .shown .in Table 5.2. 
TP2: Phantom for spatial resolution studies in transmission mode. 
This phantom {figure 5.3) consisted nf the same square poly-
ethylene box .as TPl and contained ten vials of various sizes surrounded 
by water. There were five different sizes of vial and two of each 
containing different concentrations of Pb(N0 3)2 • The details for each 
vial are shown in Table 5.3 and the attenuation coefficients of the 
solutions.are shown in Table 5.2. 
In emission mode three phantoms were constructed; EPl, EP2 and ./ 
EP3. 
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ｾＭＭＭ ...... - ........ -- .... - TABLE 5.1 
-- -
Vial Concentration % 
number w/w of standard 
1 100 
2 80 
3 60 
4 40 
5 20 
6 10 
7 5 
.... -- ___ ..,. 8 O(ie -H20) 
Vial internal dimeter = 14mm 
Length of side of box 80mm 
Standard solution contains 0. 286 kg of P·b (N03) ·per kg ·-
of total mass, density ·i.3lxl03 kgm-3 
Figure 5.2 · TPl:Phantom for contrast studies in transmission 
mode 
..:._ -- .__ - --
ＧＡｾｂｌｅＮ＠ 5 .. 3 
Vial Internal Concentration % 
number diameter (mm) w/w of standard 
la 14.0 100 
1b 5.5 100 
lc 4.0 100 
ld 3.0 100 
le 2.0 100 
2a 14.0 50 
2b 5.5 50 
2c 4.0 50 
2d 3.0 50 
2e 2.0 50 
Length of side of box = 80mm 
Standard solution contains 0.286 kg Pb(N0 3) per kg 
3 -3 
of total mass, density 1.3lxl0 kgm 
F:tgure 5.3 ｔｐＲＺｐｨｾｮｴｯｭ＠ for ｳｰｾｴｾｬ＠ ｲ･ｳｯＱｾｴｩｵｾ＠ ｳｾｵ､ｩ･ｳ＠
in transmission mode 
ｾｯＮＮＮＮＮＮＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＢＭＭＭＭＭＭＭＭＧＭＭＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭＭ
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Table 5.2 Mass and linear attenuation coefficients for 
different concentrations of Pb{N0 3) 2 and water. 
-
- . 
·-· 
Concentration · 60 keV 
% W/W of Mass attenuation · Linear. attenuation Mass Linear 
standard coefficient coefficient attenuation attenuation 
solution coeffi c.i ent coefficient 
(mm2kg-l) (mm- 1 ) {mm2kg- 1 ) (mm-1) 
100 1 o 05 X 1 QS 0.138 8.74 X 1Q3 1.15 x lo-2 
80 8.82 X 104 0.110 8.67 X 103 1.08 x lo-2 
60 7.14x104 8.47 x 10-2 8,59 X 10 3 1 .02 X 10-2 
50 6.28 X 104 7.26 X lQ-2 8.55 X 1Q3 9.88 x lo-3 
40 5.42 · X 104 6.09 x 10-2 8. 51 X 103 9.57 x 10- 3 
20 3.74 X 104 3.97 x 1o-2 8.44 X 103 8.96 X lQ-3 
10 2 . .. 90 X 1Q4 2.99 X 10-2 8.39 X 1Q3 8.65 X lQ-3 
5 2.48 X 104 2.52 X 10-2 8.38 X 103 . s.51 x lo-3 
0 (i.e •. H20) 2.05 X 104 2.05 X lQ-L. 8.36 X 103 8.36 x .lo- 3 
Standard solution contains 0.286 kg of Pb(N03)2 per :kg .. of total solution 
mass. 
EPl: Phantom for contrast studies in emission mode. 
Four vials (14 mm internal diameter) containing different concen-
trations of a standard solution of l31I were surrounded by water in the 
square polyethylene box used in all phantoms. The standard solution of 
131I contained 74 kBq mm-3 of 131I in NaOH solution. Each vial 
contained the same total volume of solution of 3,x .1Q3mm3 and distilled 
water was used to dilute the standard solution. Figure 5.4 shows the 
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TABLE 5.4 
Vial Activity of Total volume of 
number 131:( (MBq) solution (rnm) 
- ... ..... ---- - - - --
1 74.0 3 X 103 
2 37.0 3 X 103 
3 59.2 3 X 103 
4 14.8 3 X 103 
Length of side of box = 80mm 
Vial internal diameter = 14mm 
Figure 5.4 Pl h f d . . h 131! E :P antom or contrast stu 1.es Wl.t 
in ･ｾｳｳｩｯｮ＠ mode 
- - -- -- -
ｾＰＭＭ TABLE 5.5 --®_ Vial internal Volume of Activity in number diameter solution - ·vial (MBq) 
(nnn) .. 3 (nnn ) 
-® - H20 
103 
-_- ---<D-- A 18.0 5 X 74.0 B 14.0 3 X 103 74.0 
c 5.5 6 X 102 44.4 
--0 _-_ ｾ＠ - D 5.5 6 X 102 29.6 
E 5.5 6 X 102 14.8 
Length of side of box = 80mm 
Standard solution contains 74.0 kBq/mm3 
Figure 5.5 EP2:Phantom for spatial resolution studies with 
1311 .. .. • d 1.n eml.SSl.on mo e 
L...-----------------_..;.:_-----------'---------- - ----
- 122 -
·-
- -ＭＭＸｾ＠
Length of side of box = 80mm 
Figure 5.6 EP3:Phantom for contrast studies using 
the CdTe detector with 131r in emission mode 
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configuration of the active vials and Table 5.4 gives the activity 
contained in each vial. 
EP2: Phantom for spatial resolution studies in emission mode. 
Three different sizes of vials were used and several activity 
levels within the vials. The vials were arranged as shown in figure 
5.5 and the size and activity of each vial is given in Table 5.5. 
EP3: Phantom for contrast studies with the CdTe detector .in emission 
mode. 
The configuration of the .four vials in this phantom are shown 
in figure 5.6. The vial numbers correspond · to those for . EPl and EP2 
and hence the data for the activity and size can be found in Tables 
5.4 and 5.5. 
5.1.3 Detectors, sources and collimators incorporated into the 
scanner 
Each of the phantoms described in 5.1.2 was scanned using 
·several detectors. The. detectors are . described in Chapter 4 where the 
results of experiments carried out to measure ｴｨｾｩｲ＠ characteristics are also 
discussed. · Listed in Table 5.6 are the detectors employed in scanning experi-
. ments with the crystal dimensions and the approximate overall size of 
the detector and its casing. 
Good detector collimation is essentia1 in both emission and 
transmission tomography when using most common detectors which are not 
.position sensitive. Therefore, all of the detectors ｵｳ･ｾ＠ in the 
scanning rig were well collimated for all the experiments. 
- 124 -
Tab 1 e 5. 6 Detectors used in tomography experi·ments 
Crystal dimensions Approximate overall 
Detector (mm) detector dimensions (mm) 
Diameter Length Diameter .Length 
Nal (Tl) 44.0 52.0 52.0 300.0 
Nal (Be window) 25.0 1. 0 47.0 180.0 
BGO 12.5 12.5 18.5 85.0 
CsF 25.0 25.0 36.0 190.0 
CdTe 3.0 1. 0 11.0 30.0 
A common collimator was designed to be used .with all the scintill-
ation detectors (Figure 5.7a). Each detector was fitted with a nylon 
collar which ensured that it was held firmly in place and that the 
centre .of the collimator always coincided with -the centre of the · - · 
detector. It is important that the detector is firmly positioned -
since scatter.ing due to surrounding materials may otherwise vary 
. (section 3.3.2) and the constant position of the collimator aperture 
on the detector is important for some detectors,-e.g. Nal (Be window) 
figure 4.3 (section 4.3.5). The collimators for the CdTe detectors 
were designed such that they were free standing and could be formed 
into.arrays (figure ＵＮＷﾷＨｾＩｽＮ＠
Both _types of collimators satisfy the important criterion that 
they -extend back along the length of the detectors thus providing 
good shielding (section 3.3.3}. The percentage attenuation provided 
by.each collimator. is shown in Table 5.7 for the energi·es used in 
the tomography experiments. 
ﾷ ｾＺ＠ o I L.----------------'"---'------- -- .. 
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-Figure 5.7(a) Cross-sectional view of collimator used for 
all scintillation detectors 
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Figure ＵＮＷＨｾＩ＠ Cross-sectional and end view of CdTe detector 
collimator 
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Table 5.7 Percentage attenuation produced by collimators 
calculated from .linear attenuation coefficients 
[Stonm and Israel, 1970]. 
Large detector CdTe detector Source collimator Energy 
(keV) collimator (%) collimator (%) (%) 
face walls .face walls face walls 
60 100 100 100 100 100 100 
364 100 100 100 50 
662 98 72 90 92 
The aperture size selected for tomography exper.iments .:..depends- -on---·- -- ------
the requirement for spatial resolution. In all the tomography experi-
ments carried out with the phantoms described in section- -5 ｾ＠ 1. 2 the -
collimator .had an a.perture .. diameter ·of 2·mm· and·-the . large ·collimator----
{figure ＮＵＮＷｾＩｷ｡ｳ＠ of variable ·length {15mm:to' 60 -mm). The adJustabJe 
length was. ·aqhieved··by' .. th:euse of four plugs -in the collimator {figure 
5.7a)and depended on· the energy of the gamma ray source. The largest 
aperture that can.be tolerated in an experiment is normally selected 
. since . an increase in diameter by a factor of 2 gives rise to a change 
in .count rate of 4 which can thus reduce the experimental time 
considerably. 
In the transmission tomography experiments isotopic sources were 
.used as opposed to the generator produced X-rays .in medical scanners • 
. For . imaging applications it is preferable that the gamma ray emission 
.. is either monoenergetic or that the energy of ｩｮｴ･ｲｾｳｴ＠ is the. highest 
.in the spectrum. This is due, not .only to the obvious reason of the 
.limited .. energy resolution of the detectors, but to the fmportant 
Ｍｾ＠ Ｍ ＭＭ Ｍ ＭＭＭ［Ｍ［ＢＢＭＺＢＢＢﾷｾ Ｍ Ｍ ＭＺ＠
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･ｦｦ･｣ｴｾ＠ of the scatter accepted in the energy wtndow (section 3.4.1). 
The amount of scatter under the full energy peak is increased when 
there is a higher energy emission in the ｾｰ･｣ｴｲｵｭＮ＠ This scattering 
.contribution cannot be reduced by energy ､ｩｳ｣ｲｩｭｩｮ｡ｴｩｯｮｾ｢ｵｴ＠ only by 
the process of scatter subtraction. The importance ·of resolution 
with respect to polyenergetic emission appears trivial but is in fact 
considerable as data in a full .. energy peak _corresponding to two or 
more gamma ray energies which are close together (e.g. 5 7Co, 122 and 
136 keV) will result in image degradation • . This degradation is ｾｵ･＠
.to the fact . that the attenuation coefficient of a ·material · depends on 
the gamma r.ay energy thence the measurement·of gamma-ray attenuation, 
which .. is the basis for transmission tomography, ·is .. only-.accurately 
achieved .. us·ing monoenergetic photons. ·- The magnitude of·· the diffe-
rences in coefficients depends on. the energies of the·gamma rays and 
the atomic .number of the material. - · 
The . sources used in the- transmission experiments were . -·(i )· -=--,.. -. 
.1.94 MBq. 241Am (60 keV) encapsulated source and (i ·i) 1.66 MBq 13 7Cs · 
(662. keV) encapsulated source. 
In transmission tomography good collimation of the detector is 
pointless. without equally good collimation .-of the source • . The source . 
. collimator consisted of t\"'O sections fitted into a stainless steel 
outer casing. The source was recessed into the source ｨｯｬ､ｾｲ＠ section 
whi .. ch was then placed up against the aperture section. The size 
of the aperture of the source collimator must be the same as that of 
the detector collimator and ｨ･ｾ｣･＠ was 2 mm for all experiments. Table 
. 5.7 shows the percentage attenuation provided by .the .collimator which 
. was . 18 mm long with wall thickness 20 mm. 
Figure 5.8 shows· a block diagram of the scanning system. 
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5.1.4 Procedure Using the Scanning Rig 
The generalised procedures for both the transmission and 
emission cases when using the scanning rig are outlined, adopting a 
step by step approach. Whilst there are obvious similarities between 
the .procedure for each case important differences in approach are 
apparent, particularly with r.espect to geometry • 
. For a transmission scanning experiment ·the selection of the 
source and detector types precedes the determination of other para-
meters .since several of the other parameters themsel¥es· depend .on the 
·types of source and detector ·employed. The procedure for a trans-
mission scanning experiment · is as follows: 
.. 1 •. Selection .of source ｾｹｰ･ｳＺ＠ this mainly depends on the nature of 
the object to be ｾ｣｡ｮｮ･､Ｎ＠ ｾ ｔｨ･＠ energy ｯｾ＠ the source ｭｵｳｴ ｾ＠ be ｳｵｦｦｩ｣ｩ･ｾｴｬｹ＠
high to allow reasonable::transmissi.on ·:through·the 'object .:-·whilst ·not · -- --' 
·being so .high ·that· only minimal· attenuati·on ---occurs -since:;the detection 
.of object structure depends on this attenuation.··· - Therefore the size -· 
of the object and .attenuation coefficient ｯｦ ｾﾷ ｴｨ･＠ material comprising 
it are the important ｣ｯｮｳｩ､･ｲ｡ｴｩｯｮｳｾ＠ In general, the.source energy 
required .. increases as the atomic number and/or s·ize. of the object 
:increase. The half-life of the isotope .comprising the. source should 
be considerably .longer than the. experimental time in order .to avoid 
. the need for half-life corrections on: the data. ·Encapsulated sources 
are preferable 1n order to enable ease of handltng and the active area 
of the so.urce used should be greater than the area of the call imator 
to.ensure .precise parallel beam .geometry. The activity of the source 
should be sufficient to give reasonable counting . . rates through the 
object in order . to minimise experimental time for . the required precision. 
ｾＬ｟＠ ___________________________ ___ - . . - . . . 
. . . • .. ﾷ ｾ＠ . •. ! 
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2. Selection of detector type: this primarily depends on the energy 
of the source to be detected since this energy must: fall within the 
useful energy range of the detector. Other detector characteristics 
and their relative importance in determining the suitability of a 
detector for an imaging application are discussed ･ｸｴ･ｮｳｾｶ･ｬｹ＠ in 
chapter 4.and include energy resolution, photopeak efficiency, peak 
to scatter ratio and detection limits. 
3. Determination of collimator size: the size of the collimator for 
the source and detector are ｴｨｾ Ｎ ｳ｡ｭ･＠ and depend on ｾｨ･＠ spatial reso-
lution in the image. The qetector spacing, a, is generally equal .to 
the.collimator size and, ideally, in order to ·achieve spatial resolu-
tion r, then 
2.6.1 
(section 2.2.6) 
although resolutinn-uf r ｾ Ｍ Ｒ｡＠ are also achievable ｻｐｨ･ｬｰｳｾＭＱＹＷＷ｝Ｎ＠ ｾＭ
4. The required data -channels are selected by means of single channel 
analysers.according to the method described in section 5.2.1, i.e., 
data :channels are set up for the FWHM and FWTM of the full energy peak 
and for a window corresponding to scattered photons ｮｯｲｭｾｬｬｹ＠ of the 
same width as the FWHM. 
5 . . The·count rate in each of the full energy peak data channels is 
. . measured both with and without the object to be scanned. present. The 
count rate with the object present is used to calculate:the time 
required to accumulate sufficient counts to give acceptable stati-
stical errors (7 (d) below). 
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6. The central position of the object platform is ensured by ｾ･｡ｮｳ＠
of a bracket (section 5.1.1) and the stabi.lity of.the .object when in 
the scanning position is checked in .order to ･ｮｳｵｲ･ ｾ ｴｨ｡ｴ＠ the object 
will move with the platform, without slipping, ､ｵｲｩｮｧ ｾ ｴｨ･＠ scan. 
7. The scan control . programme is initiated .and the scan parameters 
set: 
.(a) maximum scan distance: thjs is set such that the complete object 
is sampled. 
(b) detector step length: this is normally set equal to the diameter 
of the collimators but occasionally when a lower spatial 
resolution can be tolerated is greaier than this . (if the ｾ･ｴ･｣ｴｯｲ＠
. step length is ·set less than the collimator diameter no extra --
information is gained). 
(c) number of p.rojections (between 0° and 180°):· it .was found that 
. reasonable ｲ･ｳｵｬｴｾ＠ are obtained with this set equal to or greater 
than 30. However., if the experimental · time allows. then i.deally the 
. number. of . projections would satisfy the· condition of equation · 
2.60 (section 2.2.6) i.e., 
'N "::>! 'ITD ｾｔ｡＠
where D = the maximum scan distance • 
(2.60) 
. (d) counting time per ray-sum: this ·is governed by the cou'nt rate 
. and.maximum available experimental · time. A total count ｯｦｾ＠ 1000 
per ray-sum was obtained in order to ensure that the statistical 
f.luctuation in the data ｢･ｾ＠ 3%. Ideally the statistical fluctuat-
i·on. should be .1 ess . than this but when enipl oyi ng . i ｳｯｾｯｰｩ＠ c sources 
and a _single detector to scan objects of :high .attenuation then 
lower statistics .must be tolerated. 
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In emission mode the energy of the ｧ｡ｭｾ｡＠ rays to be detected 
is generally fixed by the nature of the.object to be scanned. However, 
situations. may arise where the radionuclide incorporated . into the 
·object can be selected as part of the experimental procedure. Similar 
to .the transmission case, the source (i.e. radionuclide incorporated 
into .the. object) and the detector types are determined first in the 
experimenta 1 procedure, whi. ch .. is as fo 11 ows: 
1. Radionuclide incorporated into the _object: when .the radionuclide 
can be se.lected.as part .of the.experimental procedure, ･ｾｧＮ＠ as a 
solution.to fill certain structures comprising the object such as 
vials or tubes, then, as in the transmission ·case, the energy and 
ｨ｡ｬｦｾｬｩｦ･Ｎ｡ｲ･＠ the two main considerations. Again, to avoid the need 
to apply half-life corrections to the ､｡ｴ｡ｾ＠ the half-life of the 
ｲ｡､ｩｯｮｵ｣ｬｩ､･ Ｎ ｳｨｯｵｬ､｢･｣ｯｮｳｩ､ｾｲ｡｢ｬｹ＠ longer than ·the experimental time. 
However., the most readily -avai-lable-rad·ionucli.des.· are 'those-.. used -in 
. medical . studies which ar.e generally se·lected to have fairly short .haJf-
lives ｡ｮ､ Ｎ ｴｨ･ｲ･ｦｯｲ･ｾ＠ in emission studies, half-life. corrections are · 
frequently required. The energy .of the gamma rays emitted should be 
sufficiently high to easily penetrate ··the interveni-ng:· material of the 
object in order to minimise the time ｲ･ｱｵｾｲ･､＠ per ray-sum. -The maximum 
- energy of readily available radionuclides, i.e. those used .in medicine, 
is relatively low, i.e. < 500 keV, thus restricting their ｾｮ｣ｯｲｰｯｲ｡ｴｩｯｮ＠
into objects of high atomic number and/or large dimensions. 
, 2 • . Selection of detector type.:.: this is governed by the same cons.:. ; 
iderations as for the transmission -case, that is, the ｾｮ･ｲｧｹ＠ of the 
gamma . rays to be detected and the detector energy resolution, photo-
/ 
. peak ef-ficiency, peak to scatter ratio and detection 1 imi·ts are import-
ant . considerations. 
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Figure 5. 9 (a) Dependence of spatial. resolution on 
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3. Detector collimator: the effect of the radius, r, and length, 
2R., of the detector collimator on the r<..so\.vinj ｯＮＮＮ｢Ｌｬｩｴｾ＠ , d, is 
illustrated in figure 5.9(a). From the. similar triangles ABC and ADE 
d = r. ( t+x) 
t ( 5.1) 
where x = the maximum distance from the collimator to any point in 
the object. Therefore, in order to minimise the spatial resolution 
for fixed X the collimator should be as l"'ng . as·· poss"ible and/or have 
as small. ｾｮ Ｍ ｡ｰ･ｲｴｵｲ･｟｡ｳ Ｎ ｰｯｳｳｩ｢ｬ･Ｎ＠
4. The required data channels are selected by means of single channel 
analysers as described in section 5.2.1, that is, -the peak windows . 
. corresponding to the FWHM and Fv!Tr1 and a window corresponding to ·· 
scattered photons are selected. 
5. The count rate is measured in each · of the ｰ･｡ｫ Ｍ ｾ｡ｴ｡＠ channels for 
several positions of the object in order to determine the counting time -
required to minimise statistical fluctuations in the data. 
6. The object platform is centralised and object .stability checked. 
7. The scan control programme is initiated and the scan parameters 
are set in the same way as for the transmission case. 
ＵｾＲ＠ . Data Processing .and Image Reconstruction 
.5.2 •. 1 Data collection and pre-rec·onstruction processing 
_ Firstly, consider the experiments carried .out with scintillat-
.ion detectors. For each of these the signal from the Ｎ､ｾｴ･｣ｴｯｲ＠ was 
passed . directly into a spectroscopy amplifier without the use of a 
pre-amplifier. The amplified signal was split into .three data channels 
ｾ＠ The scatter window was selected such that: 
(i) it was adjacent to the full width of the peak 
(ii) its width was as narrow as possible whilst ensuring 
reasonable counting statistics, i.e. total counts 
ｾ＠ 1000 thus implying a statistical error of ｾ＠ 3%. 
These criteria were chosen so that 
(a) the number of counts/channel in the window ·was as close as 
possible to the maximum height of the trapezium under the 
peak thus minimising the overestimation of scattering within 
the peak window which arises since the scatter subtracted is 
rectangular and not trapezoidal and 
(b) to minimise the number of multiply scattered photons recorded 
since these increase with decreasing energy. 
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at source since this results in an overall reduction in pulse heights 
which must be equal in all channels. The signal from the . data channels 
was displayed on a multichannel analyser so that .an .estimate of the 
range of pulse heights could be made thus ensuring that these were 
within. the range of the single channel analysers (SCA) to be used in 
the experiment (0 to 5 V). The data channels were then. input to the 
(19SCA's and, via MOUSE, into .the .380Z. A ｰｬｾｴｴｩｮｧ＠ routine (LINPLOT 
J [Hutchinson, 1982] on 380Z was used to accurately plbt the pulse 
height distributions and obtain a print out of the spectrum on .a 
pulse height scale in mV corresponding to the SCA. The SCA window 
settings for each channel were determined from this .data for the full 
width at half maximum (FWHM} and full width at tenth maximum (FWTM) 
of the full .energy peak and for a scatter window. The scatter window 
was chosen to . be in the valley between the ·full energy peak and the 
Compton continuum and its width .was a function of the FWHM (f(FWHM}) 
(figure 5. 9 (b)). * 
In the case of the CdTe detectors the situation is slightly 
different. This difference arises from the fact. that .the signal 
produced in CdTe has a relatively small pulse height. The detector 
is therefore connected directly to a dedicated pre-amplifier and the 
signal is then passed into the amplifier. The pulse height of the full 
energy peak of 24 1Am ( 60 keV) for the CdTe (scanner) detector was 0.195 V · 
which was . too small to allow signal splitting. Therefore, in this case, 
only one data channel was possible and this was set to ·be the FWTM. 
However, for the higher energy photons from 131J (364 keV).in the 
emission scans the pulse height of the full energy peak was 1.275 V 
which was sufficiently 1 arge to a 11 ow sp 1 i tti ng i·nto two data channe 1 s 
(three channels were not possible) corresponding. ｴｯ Ｎ ｴｨ･ Ｎ ｈｾｈｴＱ＠ and FWTM 
. ' .. , . ... ﾷ ｾ ﾷ＠ ----· --.. ··-·:·: .. -. Ｍｾ＠ .... - . . 
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of the full energy peak . (The pulse height of the full energy peak 
after splitting was 0.775 V). A file.containing the data for all 
input data channels is created and stored on floppy disc for each 
projection, i.e. the complete set of ray-sums at a particular angle. 
When. the scan is complete these data files are transferred from the 
scanner.dedicated 380Z to another machine for processing .and -
reconstruction. Data storage.is in the format 10 data points to a 
line to save transference time. Therefore, to enable convenient data 
handling .in BASIC, the files are converted to the format· of one data 
point per line .. The files containing data from more than one data 
.channel are split into files which contain the data for only one 
channel and then the files for all of the projections in a scan for 
each data channel are joined to form a complete scan data ·file. Any 
further processing of these .complete data files ·depends on the data 
channel and typ.e of source .used in the experiment. 
In. the case of .isotnpes whose half-lives are ｣ｯｭｰ｡ｲ｡｢ｬｾ＠ to the 
. time taken to. carry out a scan a ha 1 f-1 i fe correction· must ·.be made -to 
all the data files. The sources used in ·this study. for whi-ch this is 
the case are 198Au, half-life 2.7 days and .1311, half-life 8.1 days. 
For each projection in a scan a constant correction-factor is applied 
to each data point by the programme HALFLIFE. The .application of a 
fixed. correction for each projection assumes ｴｨｾｴ＠ the time .taken for 
. a projection is small compared with the half-life . . .- Typi-cal projection 
. ｾｩｭ･ｳ＠ lie .in . the range 15 to 40 minutes thus validating the assumption. 
When the scatter data are available, as with ·the scintillation 
.. detectors, then a scattering contribution is subtracted.from the FWHM 
and FWTM data files. The scatter data are corrected by.:a factor to 
take into account the .differences between the width of the scatter 
..... .... . . ' :..•Jo. · . • : .... •• 
I 
I 
l 
1 
J 
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window and the FWHM and FWTM windows. If data points .. in the scatter, 
FWHM and FWTM data channels .are denoted by s1, . ｄＨｆ｜ｾｈｍＩ［ ﾷ＠ and D(FWTM); 
respectively then data points in the. two new scatter corrected data 
\ 
files SD(FWHM); and SD(FWTM); are calculated from 
. 1 
SD(FWHM); = D(FWHM); - ｾ＠ • Si (5.2) 
(5.3) 
for i = number of projections x number of steps per projection. 
Therefore, in the case of scintillation detectors :there are four 
scan data .files for reconstruction: the uncorrected ' FWHM and FWTM 
data files and ｾｨ･＠ scatter corrected FWHM and fWTM data files. For 
the CdTe detector . there ar_e the uncorrected data for ·the ｆｗｈｾＱ＠ and/or 
FWTM windows. 
The validity of approximating the .amount of scatter accepted ... 
within a .peak window -to that in a window . elsewhere in the spectrum 
can be discussed . in terms of_ the Kl ei n-.Ni shi na ·di.ffer.enti a 1 . cross-
section given by 
da _ 2 f 1 Ｇｾ＠ (l+cos2 e) [ + ci2 (1-cose) 2 l 
.Cffi'- ro ll+a(l-cose)j 2 1 · (l+cos 2 e) [l+tt(l-cose)J] 
E 
where a = ___ Y_ and r = the classical electron radius. 
m c2 o 
0 
(2.10) 
The results . of calculations ｯｦｾ＠ for e = oo to. 180° and for 
primary photon energies of ＶＰｾ＠ 364 and 662 keV ｡ｲ･ Ｎ ｰｬｯｴｾ･､＠ in figure 
5.10. Table 5.8 shows the window settings for each .. detector in terms 
of photon energy . (keV) and angle of Compton ｳ｣｡ｴｴ･ｲ ｾ Ｈ･ Ｐ ＩＮ＠ In the case 
dO' (xfo) 
dJ\. . 
1·0 
.s 
30 
Figure 5.10 
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Compton ｳ｣｡ｴｴ･ｾｩｮｧ＠ angle ( 0 ) 
The Klein-Nishina differential cross-section 
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Tab 1 e 5. 8 w;·ndow settings in · terms of photon ･ｮｾｲｧｹ＠ · ( keV) 
and Compton scattering angle e ( 0 ). 
Energy ｆｗｈｾＱ＠ F\AJHM FWTM FWTM Scatter Scatter 
(keV) (keV) e(o) {keV) e{o) range (keV) angle ( 0 ) 
60 ·55 79 . 51 126 35.:.40 > 180 
60 54 91 48 >180 40-46 > 180 
60 49 150 
364 343 24 332 30 283-322 35-53 
. 364 353 18 333 29 
364 313 40 284 55 227-275 57-81 
364 330 31 302 43 218-255 66-86 
412 376 28 340 42 215-305 .. 56-98 
662 64.0 13 618 19 523-570 29-37 
662 602 23 552 32 401-522 38-60 
.662 615 19 571 28 . 409-523 37-59 
Table 5.9 Results of theoretical calculations for ·the ratio of 
the amount.of scatter in the peak windows to that in 
the scattering window. 
Detector 
CsF 
Nal 
BGO 
BGO 
CsF 
Nai 
BGO 
Energy ｆｗｈｾＱ＠ FHTM 
(keV) ratio ratio 
662 
662 
662 
412 
364 
364 
364 
2.8 
2.9 
3. 1 
2.6 
2.8 
2.6 
3.6 
1. 9 
1. 7 
1. 5 
2.0 
2.0 
1.8 
2.4 
. . ﾷＭ ｾ ﾷＭﾷﾷ Ｎﾷ ＭＭ .... - - . - .. . - - . . - .. Ｍ ｲＮｾ＠ ...... ｾ＠ .. 
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of the peak windows the energy quoted. is the ｬｯｷ･ｲ ｾ ･ｮ･ｲｧｹ＠ limit of 
the window and the angle is the photon scattering angle corresponding 
to thi's energy . and represents the 1 argest angle ·of.seatter.ed-.. photons 
accepted in the window. For the scatter windows the accepted energy 
range and corresponding scattering angle are quoted. 
The relative amount of Compton scattering in different angular 
ranges can be estimated by finding the area under the curve for those 
ranges from .figure 5.10 • . The area, A, between .angles e1 and e2 can be 
approximated to a trapezium, i.e. 
(5.4} 
Therefore, the area corresponding to the scattering within the 
angular limits defining the peak divided by the: area within the 
angular. limits of the scatter window determines the factor· by which -
the actual data accumulated in the scatter window should be · corrected 
in order to truly represent the scatter accepted within the peak. - ·How-
ever, . as the results in Table 5.9 indicate, this ratio is quite large 
and would result, in some cases, in the amount .of scatter determined 
in this way being greater than the number .. of counts · in the peak 
window itself. This is due .to . the fact that this estimation assumes 
only .single scattering events and hence does riot ·take into ｾ｣｣ｯｵｮｴ＠ the 
non-quantifiable contribution of multiple scattering. Therefore the 
amount.of .scatter subtracted in these experiments was simply that 
ｲ･｣ｯｲ､･､ｾｩｮ＠ the scatter window corrected only for the width of the 
wtndow (equations 5.2 and 5.3) and no corrections based on the theore-
tical predictions described above were implemented . . . 
., • ,. ·- . ... _ - -;r-- ·-:- .. • .. ,- ＭＺ ｾＢ［Ｂﾷ＠ • . •. • .. Ｍｾ＠ • 
- 141 -
5.2.2 Development Qf. algorithms for the reconstruction of· projection 
data on a microcomputer {380Z). 
During the course of this work reconstructions were carried out 
ｵｴｾｬｩｳｩｮｧ＠ SNARK 77 [Herman and Rowland, 1978] on the main frame 
computer and on the 380Z microcomputer using algorithms developed by 
:the author. 
SNARK 77 is a FORTRAN. programme developed at the State University 
of New York and updates the previous version SNARK .75. Data from 
. either real or simulated scans can form the input. 
Firstly, consider the case of simulated data. The scanning 
geometry and statistics -of . the photon fluxused·for ·the simulated·, --·· 
scans are defined by the user. The geometry may be parallel ·or 
divergent.beam .with -either strip or line ray width. -· Data corresponding 
to a monochromatic or a. discrete. polyenergetic -input--spectrum ｾ Ｈｯｦ＠ up · 
to 7 energies) may be approximated.; -Photon di stri but4 on--and -scatter- -· 
ing.characteristics -may.be specified to ｳｩｭｾｬ｡ｴ･＠ noise and scattering 
from surrounding .materials. The number of pixels, pixel size and 
detector spacing are also user defined. 
The simulated objects to be scanned under the. conditions set by 
the above . variables are created by the superposition of any of the 
following: elipse {circle), rectangie (square), isosceles triangle 
.and sector. or segment of a circle. The size, orientation and density 
Ｚ ｯｾ･｡｣ｨ＠ of the components are alsb variables allowing the composition 
of complex simulation objects. The changes in ｾｴｴ･ｮｵ｡ｴｩｯｮ＠ coefficient 
due to. differences in X-ray energy can be taken into account by means 
. of .a scaling factor. 
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Real projection data can be input directly .for reconstruction 
provided that the specification of scanning geometry, .which is also 
required as programme input, conforms with one of those .described 
above. 
Reconstruction can be carried out with a choice of three algo-
rithms: convolution, ART and .. SIRT. The user may select from three 
different filters in the convolution algorithm. 
" 
The reconstructed data .. from .SNARK 77 are plotted with PLOT 
. (described in detail later) which plots the .results on a 16 level 
colour scale .. 
SNARK 77 was used ｾ ･ｾｴｾｮｳｩｶ･ｬｹ＠ in ｴｨ･Ｚｾ｡ｲｬｹ ﾷ ｰ｡ｲｴ＠ of the -work .; 
but has been largely replaced by the author's algorithms. 
While SNARK 77 is more than adequate for the reconstruction of 
the data generated using ·the ·scanning rig, ｩｴ Ｍ ｨ｡ｳ ｾ ｴｨ･＠ major disad- -.: c·-. 
vantage of. requiring a large computer .on ·whi.ch to .run.- Hence,--::one._ of 
the most Ｎ ｩｭｰｯｾｴ｡ｮｴ＠ requirements · of the original ·proposal for this -- -
tomographic system, namely its portability, could not be met using 
.SNARK. Therefore a series of programmes were ·developed so that data 
.could be reconstructed on the 380Z microcomputer thus'.making the 
. ·system .completely portable and ｩｮｾ･ｰ･ｮ､･ｮｴ Ｎ ｯｦ＠ ·large computers. The 
series of programmes. consists of ARRAY, FI.L T, BP-ROJl and PLOT • 
... _ ARRAY: 
/ 
Jhe space ·into which the image is reconstructed -is a square 
whose sides are .divided into equal spacings thus creating a grid 
.system containing n· x n = N small squares or pixels (picture elements). 
_...., 
J = 1 2 
p= 1 
2 
3 
4 
5 
6 
7 
Figure 5.11 
ｬＧｩＧｧｵｲｾ＠ 5.12 
3 L. 5 
1l 
l , 
L 
0 
/_: ｾ＠
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6 7 
1----
.-
-
ｾ＠
- -
R(1,5) 
9(1,5} 
-0 
Method of defining pixels using ·ARRAY 
f ( q,) 
ｒ･ｰｲ･ｳ･ｮｴｾｴｩｯｮ＠ ｯｾ＠ ｢ｾ｣ｫｰｲｯｪ･｣ｴｩｯｮ＠ ｵｾｩｮｧ＠ BPROJl 
....._ _____________ ____; ___________________ _ 
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ARRAY defines the pixel array (.I,J) in terms of R,, the di.stance from 
the centre of the pixel to the centre of the array; and a, the ·angle 
that the line defining R makes with a predefined line of origin 
{figure 5.11). 
The data R(I,J), e(I,J) are stored on disc in a two dimensional 
array I ,J. 
FILT: 
The filter used ;·n this programme is that of Ramachandran and 
Lakshiminarayan [Ramachandran and Lakshiminarayan, 1971] (section 
2.2.5) .i.e. 
for k odd 
h(k) = 0 for k even 
h(O} 1 
These values of ｾｻｫＩ＠ are the Fourier series result of evaluating 
the impulse response function h(r) at invervals s, where 
h(r) = R' [2R sinc{2rR') - ·R'sinc2(rR')] (5.5) 
and R' = l/2s is the cut-off frequency and s = spacing between ray-
sums •. h(r), above, corresponds to the frequency cut-off of the analyti-
. cally correct filter, h'(r) where 
h' (r) = - (5.6} 
ｌＮＮＮＮＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ ＭＭＭＭＭＢＧ＠ " 
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but since h'(r) causes amplification of high frequency noise in the 
projection data there is the need for a cut-off frequency, R'. 
Implementation of this filter is as follows: 
Let k denote the projection number and i denote the step number; 
km = the total number of projections and im = the number of steps per 
projection. Therefore a projection is denoted by p(k,i) where 
i = 1, 2, .•• im. The filtered projection is then denoted by f(k,j) 
where j = 1., 2 •••• im. Each data point (i.e. fixed j) ·is given by 
. im im 
f(k,j) = L h(ns)p(k,i) = L h(j-i)p(k,i) 
i=l i=l (5.7) 
BPROJl: 
The backprojection of the filtered data generated in FILT is 
carried out in BPROJl. 
For each pixel defined by (R,e) in ARRAY . the parameter E is 
calculated, .given by 
E = R cos(e - cf>) for all R, e,cf> (5.8) 
where cf> = the angle of the projection to the line of origin (figure 
5.12). 
ｾｉ＠
The value of f{cf>) at the point E is determined for each projection 
and the sum of these gives the reconstructed value for the .pixel (R,e). 
However, f(ct>) is a discontinuous function and its value is known 
.only at discrete points along the projection separated by the ray-sum 
.spacings. Therefore f{cf>) for a value of E may .be determined either 
by nearest neighbour approximation or by interpolation between two 
ｾＭＭ［ＭＭＭ Ｍ ＭＭＭＭＭＭＭ
Photographs in Section 5.2.3 
Figure 5.13 Reconstruction of phantom TPT at 60 keV (pixel size 2mm) 
(a) using the 380 Z 
(b) using SNARK 
Figure 5.14 Reconstruction of simulated heat exchange unit Ｈｰｩｸ･ｾ＠
size lmm) 
(a) using the 380 Z 
{b) us(ng SNARK 
Figure 5.14 Reconstruction of steel valve (pixel size lmm) 
(c) & (d) (c) using the 380 Z 
(d) using SNARK. 
. . .... . . ..... ... - • ..... ＢＺＢｾ＠ -· : ."t"; - : ··."': .... Ｚｾ Ｌ ＮＮＮＮＬＮＭ ﾷ ﾷｾ＠
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points. Nearest neighbour approximation would introduce larger 
errors . than interpolati·on and in. this programme f(<P) for E is found 
by linear interpolation between nei.ghbouring points. 
PLOT: 
·1he reconstructed data .generated in BPROJl are .plotted on a 16 
colour scale. The scale has .. maximum and minimum values of the 
reconstructed data and the .l6 levels are equally spaced. The programme 
has two user controlled .faciJities. Firstly, the colour scale may be 
inverted and .secondly the maximum and minimum levels may be changed 
by the user thus facilitating 11 Windowing" of the data • . That is, if 
. the reconstructed values of .the region of interest lie within a 
certain range then new maximum and minimum-·1 eve·l s can be selected 
whi.ch assign all. pixels with values above or below these with the 
same .colour level thus allowing the -other ·l4 colour levels · to be used 
within the range of interest so improving sensitivity. -
.5 .• 2. 3 The reconstruction efficiency of the 380Z programmes 
: compared .. with that of SNARK 
Whenever a new computer programme is developed it must be tested 
before it is routinely employed in order to ensure .that it accurately 
performs the operations for which it was devi.sed. In ·. the case of 
reconstruction algorithms this involves the reconstruction'of test 
phantoms and . the ｣ｯｭｰ｡ｲｩｳｯｮ ｾ ｯｦ＠ the images obtained with the original 
.object and also with those obtained from well established and thoroughly 
tested.programmes. 
Therefore the projection data from several scans were reconstructed 
using both .SNARK and the programmes on· the 380Z microcomputer. The 
I...!._ _______________ __;_ ____________ __ - .. . 
... - - 1 
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images obtained for three of these scans are shown fn.figures 5.13 
and 5.14 where 5.13(a) is reconstructed using the 380Z and (b) using 
SNARK; 5.14{a) and (c) are reconstructed using the·380Z and .. (b) and (d) 
using SNARK. 
The phantom in figure 5.13 is suitable for testing algorithm 
performance since not only the spatial accuracy and resolution of the 
reconstruction process is indicated but so ,also are ·the ·equally 
.important parameters of contrast and homogeneity. The reconstruction 
·of the vials containing sol·utions of differing attenuation is a 
measure of the contrast achieved .and, as with spatial accuracy and 
resolution, the results from ·both ｡ｬｾｯｲｩｴｨｭｳ＠ ｡ｾ･＠ similar. The ｾ･｣ｯｮﾭ
struction of an ·area ·of homogeneous attenuation indicates: the ｡ｭｯｵｮｴ ﾷﾷＭ ｾﾷ＠
of noise in.the image which is seen as ｾＡｳｰｾ｣ｫｬ･ｾＡ＠ (section 2.2.6). 
For images produced.by efficient reconstruction algorithms this noise 
is due to . statistical fluctuations in .the data·" .. and -not ·-due··· to ·the ··- ·-·-·--
reconstruction process. Comparison of the images in ·figure 5.13(a) 
.and {b.) shows that the amount of 11 Speckle'-'-- in both is similar and 
therefore.it can be concluded that the 380Z reconstruction .also performs 
as well as SNARK with respect to image noise • 
. -Figure 5.14 (a) and (b) shows the images obtained using the 380Z 
and SNARK respectively .of .a simulated heat exchange system consistfng 
of an.outer steel pipe (approximately 150 mm diameter) containing four 
smaller steel pipes (approximately 30 mm diameter) . and similarly 
. figure 5.14 -(c) and (d) are the images obtained of a ·steel valve. These 
images of spatially complex 11 real" objects indicate that the spatial 
accuracy .. and resolution in ·the .images obtained using the 380Z programmes 
. ｡ｲｾ＠ as good as for those obtained using SNARK. 
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a 
b 
Figure 5.13 
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a b 
c d 
Figure 5.14 
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CHAPTER 6 
EXPERIMENTS IN TOMOGRAPHY - RESULTS AND DISCUSSION 
6.1 Introduction 
The detectors described in chapter 4 were incorporated into the 
prototype scanning rig (section 5.1.1) and transmission and emission 
()1.;\.t 
scans were carriedAwith several phantoms (section 5.1.2) and a number 
of other objects. Transmission tomography experiments were also 
performed manually using the CdW0 4. detector array and an ｸｾｲ｡ｹ＠ tube. 
A selection of the images obtained are discussed qualitatively 
and in some cases the reconstructed data are quantitatively displayed 
by means of line scans and analysed using the concept .of contrast and 
the measured full width at half maximum (FWHM) of the reconstructed 
vials in the line scans. 
6.2 Summary of Scans Performed 
6.2.1 Tomography experiments with phantoms 
The two phantoms described in section 5.1.2 {figures 5.2 and 5.3) 
for transmission tomography, that is, TPl and TP2, were each scanned 
using a number of detectors. The scans carried out are ·summarised in 
Tab 1 e 6. 1 indicating the detector type, ·the source . isotope .. and energy, 
the counting time per ray-sum and data channels recorded. In each 
case images were reconstructed from the data corresponding to the peak 
window, :i.e. the FWHM and FWTH, and also, for those .scans in which the 
scatter data were recorded, from the data representing the scatter 
corrected peak .windows (section 5.2.1). 
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Table 6.1 Summary of the transmission tomography 
experiments with phantoms. 
Counting time 
Detector 
Energy (keV} Data channel 
(isotope) per ray-sum 
(s) FHHM FWTM 
Phatom TPl: Contrast 
CdTe 60 (241Am) 70 I 
Nai 60 (241Am) 60 I .; 
Nal (Be window) 60 (241Am) 40 I .; 
BGO 662 (137Cs) 10 I I 
Nai 662 (137Cs) 40 I .; 
CsF 662 (137cs) 30 .; I 
Phantom TP2: Spatial resolution 
Nai 60 (241Am) 30 .; I 
Nai (Be window) .60 (241Am) 30 .; I 
The following parameters were identical for each scan: 
Maximum scan distance = 140 mm 
Detector step length = 2mm 
Detector collimator diameter= 2 mm 
Source colli.mator diameter= 2 mm 
Number of projections = 30 
SCATTER 
.; 
I 
I 
.; 
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Table 6.2 Summary of the emission tomography experiments 
with phantoms. 
Energy of Counting time 
Data channel 
Detector emission (keV) per ray-sum 
(isotope) (s) FWHM FWTr1 SCATTER 
Phantom EPl: Contrast 
BGO 364 (131J) 10 I -1 I 
CdTe 364 (131J) 30 I 
Nal 364 (131J) 15 I -1 I 
CsF 364 (131J) 10 I -1 I 
Phatom EP2: Spatial resolution 
BGO 364 (131J) 10 I I I 
CdTe 364 (131J) 30 I 
.Nal 364 (131J) 15 -1 I I 
CsF 364 (131J) 10 I I I 
The following parameters were identical for each scan: 
Maximum scan distance = 140 mm 
Detector step length = 2mm 
Detector collimator diameter = 2 mm 
Number .. of projections = 30 
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Similarly, two of the emission tomography phantoms .described in 
section 5.1 .• 2 (figures 5.4 and 5.5), that. is, EPl .and EP2, were scanned 
using several detectors and Table 6.2 summarises the scans carried out. 
As ;·n the transmission case, the data corresponding. to·. ·the peak 
windows, i.e. the FWHM·and FWTM, were used to reconstruct images and 
also, .. when the data corresponding to the scatter window .. were recorded, 
images .were reconstructed with the data representing the scatter 
corrected . peak windows . (section 5. 2. 1). 
The third phantom designed for emission studies, EP3 (figure 
5.6, section. 5.1.2), was scanned using a CdTe detector. The scan 
parameters were: 
Maximum scan distance = 140 mm 
Detector step length = 2mm 
Detector collimator diameter = 2mm 
Number of projections = 30 
Counting time per ray-sum = 80s 
-Data channels recorded: FWHM .and FWTM 
Energy of emission = 364 keV (131J) 
Images were reconstructed using the data corresponding to the 
two peak windows. 
6.2.2 Scans carried out with other objects 
In addition to the scans carried out with the phantoms a number 
of 11 real 11 objects were incorporated into the rig and scanned under 
similar experimental conditions. Table 6.3 lists a selection of these 
scans and images which were reconstructed from the recor.ded peak count 
windows and also the scatter corrected peak count windows when scatter 
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Table 6.3 Summary of scans carried out with other objects. 
Counting 
Energy (keV) Object 
Detector time per Data channel (isotope) description 
ray-sum(s) ｆｴｾｉｈｍ＠ FWTM SCATTER 
Transmission 
Nal .662 (137Cs) 30 Bicycle lamp I . -1 
Nal 662 (137Cs) 20 Electric plug I 
Nal (Be 60 (241Am) 10 Human bone. I I (tibia) 
Emission 
BGO 412 (198Au) 40 Gold wire I .; 
The following parameters were identica·l for . the transmission 
scans: 
Detector step length = 2mm 
. Detector collimator diameter = 2mm 
Source collimator diameter = 2mm 
Number of projections = 30 
For the emission scan the parameters were: 
Detector step 1 ength = lmm . 
Detector collimator diameter= lmm 
Number of projections = 30 
I 
-1 
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window counts were available. Figure 5.14 (section 5.2.3) further 
illustrates the application .of the scanning rig for scanning real objects. 
6.3 Reconstructed Images .. and Analysis 
6.3.1 Contrast in image analysis 
Image analysis is fundamental to the field of imaging since the 
purpose of obtaining an image, in medical or non-medical applications, 
is to accurately identify features in the original object by means of 
reconstructing the response of a probe to that object. The inform-
ation content of an image is high and hence the process of evaluating 
.and compa.ring images is complex • . Subjective ·.v·isual inspection of· · · 
images can give reasonable qualitative results due to the excellent 
.pattern recognition abilities of the human brain. However, the 
human brain is incap"able ;of detecting small aifferences ·quantitatively ·. 
and hence .this important aspect of the information .content of an image, 
which forms the basis for objective analysis, is. redundant in the 
human visual evaluation process • 
. The principle of describing an information transfer system in 
terms of its response to . s i nusoi)da 1 input functions was .first app 1 i ed 
in electronic engineering to analyse communications systems and later 
in the fields of optics and photography to analyse imaging systems in 
terms of their spatial frequency response. The introduction of transfer 
function analysis techniques in the field of radiography in order to 
quanti·tatively evaluate images and imaging systems ｢･ｧ｡ｮ ｾ ｩｮ＠ the early 
.1-960's [Rossmann et al., 1964] •. Since then both the theoretical and 
.. practical aspects of its application in medical ·imaging have been 
extensively developed . [Rossmann, 1968 and 1969; . Metz and Doi, 1979]. 
Jt ｾ＠ • 7 1" ｾ Ｎ＠ ' .: • • ｾ＠ .• •• ":' '"; ··."., • 'I' "' ... 
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The ultimate aim of transfer function analysis is to characterise 
systems in order that the output resulting from a known input can be 
predicted and also to enable intercomparisons of systems. Firstly 
the generalised system is defined which incorporates every component 
involved in the production .of an image from the original object, for 
example, jn gamma ray emission tomography this includes the effects 
.on the primary photons of .scattering and attenuation within the object, 
the actual imaging system,per se and the reconstruction process. 
The quantitative analysis of the input and output functions of 
systems .. forms the basis for transfer function analysis techniques • 
.In . imaging systems various _types of input functions are employed, for . 
example, in emission imaging the -response of :systems 'to: point·-arrd··-li.ne --· --
sources, that is, the point and .line spread functions, . are frequently 
determined and utilised in the characterisation .. of systems. -.However, 
a more genera 1 i sed .. approach fs the quanti ta ti ve ·ana lysi-s· of ﾷ ｳｩｭｰｬ･ ｾﾷｾ Ｍ ﾷＭﾷ＠
. objects and their correspondi.ng .images -produced by systems···using- ｴｨ･ ｾＭ -- -
concepts of modulation and contrast. 
The definition of modulation can be applied to any situation 
· where the distribution pattern is repetitive, such. as in sinusoidal 
distributions. In the generalised form .modulation is -defined .as the 
amplitude of _a distribution divided by the average ··value. :Therefore, 
·from figure 6.1 the modulation, m, of a cyclic distribution · is given _. 
by 
( 6.1) 
The concept of contrast is a genera 1 i sed form of mo_dul at ion. 
Whereas modulation applies to cyclic distributions, contrast can be 
applied to any type of distribution and the contrast of one region 
....._ ___________________________ ·- ...... . . 
· Figure 6.1 
Fi'gure 6. 2 
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amplitude 
average value 
I min 
Representation of modulation 
$ volume of .acceptance of detector 
ｾ＠ volume of primary photon beam 
source 
collimator 
narrow beam defining 
ray-sum 
Geometry ;for tra,nsmissi.on tomography 
i ｾ＠ .. ; ' • - • 
Photographs in section 6.3.2 
Figure 6.3 Reconstruction of phantom TPl using 662 keV photons 
recorded with the CsF detector pixel size 2mm using 
(a) the uncorrected FWHM data 
(b) the uncorrected ｆｾ Ｍ Ｑｔｍ＠ data 
(c) the scatter corrected ｆｗｈｲｾ＠ data 
(d) the scatter corrected FWTM data 
I 
Figure 6.4 ｒ･｣ｯｮｳｴｲｾ｣ｴｩｯｮ＠ of phantom TPl using 662 keV photons 
recorded with the BGO detector (pixel size 2mm) using 
(a) the uncorrected FWHM data 
(b) the uncorrected FWTM data 
(c) the scatter corrected FWHM data 
(d) the scatter corrected ｆｾｉｔｍ＠ data 
Figure 6.7 Reconstruction of phantom TPl using 60 keV photons; 
pixel size 2mm 
(a) using the uncorrected ｆｗｈｾＱ＠ data ·recorded with the 
Nai {Be window) detector 
(b) using the uncorrected FWTM data recorded with the 
Nai (Be window).detector 
(c) using the uncorrected FWTM data recorded with the 
CdTe detector 
Figure 6.9 Reconstruction of phantom TP2 using 60 keV photons 
recorded with the Nai detector (pixel . size 2mm) using 
(a) the uncorrected FWHM data 
(b) the uncorrected FWTM data 
(c) the scatter corrected FWHM data 
(d) the scatter corrected FWTM data 
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in a distributi·on with respect to another can be given by 
(6.2) 
where 11 and 12 are the intensities of the two regions of interest. 
The ratio of the contrast of the image to that of the object 
can be used to evaluate and compare imaging ·processes, i.e. 
c. 
t t t . 1 cons ras ra 10 = t: 
·o 
(6.3) 
where C; and C0 are the contrasts of the image and object respectively. 
6.3.2 Analysis of images obtained in transmission tomography 
experiments with phantoms 
The reconstructed images for the transmission scans summarised 
in Table 6.1 are divided .into three groups: (i) those of the contrast 
.phantom TPl at 662 keV, (ii) those of TPl at 60 keV and (iii) those 
. of the spatial resolution phantom TP2 at 60 keV. 
The .contrast of each of the vials comprising the phantom was 
calculated with respect to the \'later matrix for the two phantom 
energies used in the scanning experiments (60 keV and 662 keV) • 
. Contrast is calculated in the transmission ·case from equation 6.2 
using the linear attenuation coefficients in Table 5.2, i.e.' the 
contrast of a vial is given by 
(6.4) 
where (.p.t)v and (p.t)w are the linear attenuation coefficients of the 
vial contents .and water respectively. The results of these calculat-
ions are shown in Table 6.4. 
IL....------------------'----'--'---'-------- ····- -·- . . 
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Table 6.4 Results of contrast calculations at 60 keV and 
662 keV for the vials comprising phantomTPl 
with respect to water. 
Concentration % 
Contrast at Contrast at 
Vial number w/w of standard 
60 keV 662 keV 
solution 
1 100 0.74 0.16 
2 80 0.69 0.13 
3 60 0.61 9.9 X lQ-2 
4 40 0.50 6.7 X lQ-2 
5 20 0.32 3.5 X 10-2 
6 10 0.19 1.7 X lQ-2 
7 5 o. 10 9.0 x 1o-3 
8 0 Ｈｩｾ･ＮＬ＠ H20) 
Standard Pb(N0 3 ) 2 ｳｯｬｾｴｩｯｮ＠ contains· 0.286 kg of Pb(N0 3 ) 2 per kg of 
total .solution mass. 
Table 6.5 Results of contrast calculations at 60 keV for the 
vials comprising phantom TP2 with ·respect to water. 
Concentration % 
Contrast 
Vial number w/w of standard 
at 60 keV 
solution 
1 (a),(b),(c),(d),(e) 100 0.74 
2 (a),(b),(c),(d),(e) 50 0.56 
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Although it is well known that the contrast of an object is 
very much lower at 662 keV than at .60 keV (Table 6.4) phantom TPl 
was scanned at 662 keV since considerably shorter scanning times 
could be achieved due to the higher percentage transmission of 
photons at the higher energy and also it is the interest of AERE to 
scan industrial samples having .high attenuation and/or large dimensions 
for which higher energy gamma rays will be required. However, from 
the results obtained (figures 6.3 and 6.4) it was clear that insuffic-
ient image .con.trast was achieved and therefore all subsequent trans-
mission scans of similar materials were carried out using 60 keV 
photons. 
The image degradation caused by scattered photons in transmission 
mode is due to two factors; the geometrical ·factor and the energy 
factor. The first of these refers to the effect that scattered 
. . photons have on the .narrow beam geometry, that is, that photons 
originating outside the narrow beam can be scattered ·into it and be 
recorded by the detector. In figure 6.2 illustrating the geometry 
for transmission scanning the vo 1 ume of acceptance for:.- the detector · 
collimator is indicated by the cross-hatching. ·rt .is clear that 
primary photons are present outside this -volume .. (single hatched area) 
and can .. therefore be scattered .into it. Although ·photons will also 
be sea ttered out of the volume of acceptance the number ·of these wi.ll 
not balance the number scattered in and the extent of this imbalance 
.will vary from one ray-sum to another. The energy factor refers to 
the fact . that the attenuation coefficient is different.for scattered 
photons compared. ·with primary photons due to the difference in energy. 
Therefore the scattered photons that originate and remain within the 
volume of acceptance of the detector introduce errors into the ray-
sum measurements. Furthermore, since the fractional change in 
. ＭＭＭＭＭＭｾ＠
i 
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attenuati·on coefficient due to a certain change .in energy is also 
a function of Z the magnitude of this error will not.be constant 
for .all ray-sums •. For this reason the error due to scattered photons 
in the determination of. the attenuation coefficient measured at the 
primary .photon energy for a low energy primary beam.is smaller than 
.that due to scattered photons from a high energy beam because, for 
the same scattering angle, the difference ip energy between scattered 
and primary photons increases with energy (Table 3.2). Also, as 
illustrated in figure 5.10, the scattering is more preferentially 
forward angled for high energy photons and therefore the number of 
photons scattered into the detector volume of acceptance increases 
with energy . 
. Figures 6.3 and 6.4 are the reconstructed images of phantom 
TPl (figure 5,2, section 5.1.2) usi.ng .662 keV 13?Cs .. gamma rays 
recorded with the CsF and BGO detectors respectively. In each figure 
the . data used in the reconstruction of- the four individual .images 
correspond to: 
(a} the FWHM of the peak without scattering correction 
(b) the FWTM of the peak without scattering correction 
(c) the ｆｗｈｾＱ＠ of the peak corrected for the scattering · contr.ibution 
using equation 5.2 (section 5.2.1) 
. (d) the FWTM .of the peak corrected for the scattering contribution 
using equation 5.2. 
It is clear that for both detectors there is a distinct 
.difference in the images corresponding to the·FWHM and .FWTM data and 
. . that the images reconstructed using the scatter corrected data 
compared to those using the uncorrected data are improved in every 
case. 
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Figure 6.3 
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Figure 6.4 
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The difference in quality between the images reconstructed from 
the FWHM data and the FWTM data is . due to the differing · contributions 
of scattering within the two. pulse height windows •. As Table 5.8 
indicates the difference in the angle of Compton scattered photons 
·.that are accepted within the FWTM window compared with the FWHM is 
approximately 43% for both detectors and since this increase in angle 
. occurs between approximately 20° and 30° where the differential 
scattering .cross-section .is high (figure 5.10) then there is a sub-
stantial increase in the number of scattered photons accepted in the 
FWTM window compared with the FWHM. This increase in the contribut-
ion of. scattered photons in the . broader window is mainly dtie to 
. secondary or tertiary. scattering events si nee · :the geometr-i.ca 1· ang1 e :_:. 
of acceptance, determined by the source and detector. collimators, is 
Table 6.7 shows the results of calculations (using tabulated 
. data [Storm .and Israel, 1970]}of .the ｲ･ｬｾｴｩｶ･＠ ·percentage·contribution 
. . to the total attenuation coefficient of the photoelectric absorption 
and incoherent scattering cross-sections · in the materials comprising 
the .phantom. It is clear that at 662 keV the percentage contribution 
of the photoelectric cross-section .is very small . (0 .to 9.45%) \'lhereas 
that of the incoherent sea tteri ng is 1 arge and ··therefore the proba-
.. 
b.ility that a .photon w-ill be scattered several times . before complete . 
. absorption.occurs is high. 
Since the energy resolution of BGO is superior to that of CsF 
it would be expected that the images for BGO would also be superior. 
However, as figures 6.3 and 6.4 indicate, the images for BGO are of 
.poorer. quality than those for CsF and the difference between images 
ｲ･｣ｯｮｳｴｲｵ｣ｾ･､＠ using the FWTM data compared.with the FWHM data is more 
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pronounced for the BGO detector. The explanation for this lies in the 
higher relative contribution of scattered photons when a scattering 
medium i.s . present to the spectrum for BGO than for .CsF which is shown 
by the peak to scatter ratio (PSR) results in section .4.3.4. From 
. Table 4.5 the PSR of BGO is several times higher than that of CsF 
for 662 keV photons both with and without a scattering medium present 
(i.e • . PSR (BGO)/PSR (CsF) = 3.7 in air and 2.9 with the scattering 
medi.um present). However., the decrease in PSR caused by the increased 
number of scattered photons due to the presence of· the scattering 
medium is 42%. for BGO whereas it is only 23% for · CsF. Figure 6.5 
illustrates thi.s result; the number .of photons wtthin a certain 
scattering .window for CsF, SCsF' in air is· very much greater compared · 
with the number of photons in the ｾ･｡ｫ＠ than the number in an · identical 
scattering window for BGO, SBGO (For each ､･ｴ･｣ｴｯｲ ｾ ｴｨ･＠ spectra 
.obtained with and without the scattering medium ·.present .are normal-
ised to the peak ｨ･ｩｧｨｴｾｮ＠ the spectrum ｷｩｴｨｯｵｴ Ｎ ｡ Ｎ ｳ｣｡ｴｴ･ｾｩｮｧ＠ medium), 
SCsF and .SBGO measured in air represent the amount of scattering . ---
within "the detector itself that is recorded and. depends on the scatter-
ing cross-section of the detector material and . the ·size of the crystal 
(section 3.3). Therefore, if the number of scattered photons incident 
on each detector is increased by S', due to the presence.of a scatter-
ing medium, the relative contribution that s• makes to .the spectrum 
for CsF i.s much 1 ower than for BGO and results in the · response of BGO 
. being . more "sensitive" to scattered photons, i.e. ·there is a relatively 
.greater change in the spectrum of BGO due to the scattered photons. 
There is a marked improvement in the images reconstructed using 
the scatter corrected data compared with the uncorrected data for 
both detectors. However, the images for the BGO detector remain 
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i'nferior to those for CsF, again contrary to expectations based on 
detection characteristics such as energy resolution •. This is 
.probably due to the fact that since the response of .BGO,is more 
sensitive than that of CsF with respect to scattered photons the 
precise amount of scatter subtracted from the total peak data is 
.more .critical. Therefore, . the poorer results obtained with the BGO 
detector may be due to a small error in the amount of scattered counts 
subtracted from the peak .counts, whereas for the CsF detector which 
has a .lower sensitivity to scattered ｰｨｯｴｯｮｳｾ＠ a larger er.ror in the 
amount ｯｦＮｳ｣｡ｴｴ･ｲ･､ｾ｣ｯｵｮｴｳ ﾷ＠ subtracted can be tolerated. 
The coritrast of two regions in an image can be calculated from 
the reconstructed values of those regions using equation 6.2. ｔ｡｢ｬｾ＠
6.6 shows the . results for the three vials .just distinguishable in 
number 
Table 6.6 Contrast results ··for vials · in phantom TPl ｜ｾｩｴｨ＠
Contrast 
object 
respect to water for images reconstructed using -
scatter corrected data with the CsF detector and 
the FWHM results from the line scans. 
F\vHM of ｾ｜［＠ . 
Error in 
in Contrast in reconstructed 
contrast in 
image vials from line 
image 
scans (mm) 
Scatter.corrected FWHM data (figure 6.3 . (c)) 
1 0.16 0.14 0.06 12 ± 1 
2 0.13 0.11 0.04 .ll ± 1 
3 0.099 0.13 0.05 11 ± 1 
Scattered corrected FWTM data (figure 6.3 (d)} 
1 0.16 0.14 0.06 14 ± 1 
2 0.13 0.09 0.05 15 ± 1 
3 0.099 0.13 0.03 15 ± 1 
.. 
ＮｴｾＬＮＮ＠ ' 
.... . ·- -- ｾ＠
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ｆ Ｎ ｾｵｲ･＠ 6.6 Line scan results for the CsF detector of the 
contrast·phantom at 662keV using (a) the scatter corrected 
FWTM data and (b) the scatter corrected FWHM data 
ｾａｬｬ＠ contrast errors are calculated using the following equation 
where V = mean of the reconstructed values in vial 
,-W = mean of the reconstructed values in surrounding water matrix 
cry = standard deviation on V 
crw = standard deviation on w 
C = value of contrast calculated using V and W from equation 6.2 
ac = error on C 
This takes into account statistical fluctuations in the ray-sum 
measurements. 
- 169 -
the images reconstructed using .the scatter corrected ､ｾｴ｡＠ for the CsF 
detector (figures 6.3 (c) and (d)) • . The means of the reconstructed 
values .within each vial and of the surrounding water matrix are used 
in the calculations of .contrast and the error is derived from the 
•' * standard deviations of these means. The reason for . the .. large errors 
in .the_contrast (about 40%) calculated using this data is the large 
standard. deviations in these mean values. 
Figure 6.6 shows the line scans through the three vials in the 
images reconstructed using the scatter corrected ｆｬｾｈｍ＠ . and ｆｾｊｔｾＱ＠ data. 
Comparison of the line scans with the size and position ·of each vial 
i.ndi cates good spatia 1 accuracy, further supported by, the results for the 
.. FWHM of the reconstructed vtals shown in Table £.6. 
The images in figure 6.7 show the phantom TPl scanned at 60 keV 
with ＲＴＮｾＭａｭ＠ using the thin .beryll i urn window .Na I . detector ( (a) and {b) ) 
and a CdTe detector ((c)). The data used in the reconstruction for 
. the Nai (Be window) detector were (a) -the uncorrected FWHM peak data · 
·'I ·> 
,, 
·and (b) the .uncorrected FWTM peak data and · for the CdTe detector the 
FWTM data were reconstructed. 
In figure 6.7 (a) ·and (b) there is no noticeable difference 
between the two. images reconstructed from the FWHM .and the FWTM peak 
data. This result is due to several factors. The data in Table 5.8 
shows that the angle of scattered .photons accepted in . the FWTM .window 
.is double that in the ｆｾｊｈｍ＠ \'Iindow for the Nai (Be \'Iindow) detector. 
However, from figure 5.10, it is clear that the differential cross-
section at these high angles of scattering is low therefore the 
relative increase in the number. of photons accepted due to this broader 
window of acceptance is small •. Also the geometrical angle of accept-
ance.for scattered photons, determined by >the .size of the source and 
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detector collimators is 10° and hence at these large angles for the 
energy window the scattered photons would be due to multiple scatter-
ing only. Furthermore, .the results in Table 6 •. 7 show that for most 
of the materials comprising the phantom the probability of incoherent 
Concentration 
of solution 
% w/w of the 
standard 
Pb(NO ) 
3 2 
· s_o 1 uti Qn 
100 
80 
60 
50 
. 40 
20 
10 
5 
. 0 ( i . e. ,. H 2 0) 
Table 6.7 Percentage contribution of the incoherent scattering 
cross-section and the photoelectric absorption cross-
section .to the total attenuation coefficient for .the 
% 
materials ·comprising phantoms TPl and TP2 calculated 
from tabulated data [Storm and Israel, 1970] at 60 keV 
and 662 keV. 
60 keV 662 keV 
Incoherent % Photoelectric % Incoherent % Photoelectric 
· scattering absorption scattering absorption 
12.4 75.4 57.4 9.4 
15.4 72.2 58.7 7.6 
19.9 67.5 60.0 5.8 
23.1 64.2 60.6 4.8 
27.3 59.9 61.3 3.9 
41.1 45.5 62.6 2.0 
54.0 31.8 63.4 1.0 
63.8 21.6 63.6 0.5 
77.9 7.1 64.0 0 
Vial 
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Table 6.8 Contrast results for vials in phantom TPl with 
respect to water for the images reconstructed 
using uncorrected peak data with the Nai (Be 
window) detector and CdTe detector. 
Error in FWHM of Contrast in ·contrast in 
.number object image contrast in reconstructed vials 
image from line scans (mm} 
Uncorrected FWHM data Nai .(Be window} {figure 6.7 (a)) 
1 0.74 0.62 0.25 14 ± 1 
2 0.69 0.56 ＰｾＲＸ＠ 12 ± 1 
3 o. 61 0.56 0.19 13 ± 1 
4 0.50 0.41 o. 15 
5 0.32 0.30 0.11 
Uncorrected FWTM data -Nai- (Be. window}---{.figure -ＶＭｾ＠ 7 · ｾＨ＠ b}) -· . 
1 0.74 0.61 0.23 15 ± 1 
2 0.69 0.50 0.26 12 ± 1 
3 0.61 0.55 0.28 12 ± 1 
4 0.50 0.41 0.23 
5 0.32 0.29 0.19 
Uncorrected FWTM data CdTe ·(figure 6.7 (c)) 
1 0. 7-4 0.60 0.35 13 ± 1 
2 0.69 0.37 o. 16 14 ± 1 
3. 0.61 0.48 0.26 13 ± 1 
4 0.50 0.29 o. 16 
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Figure 6.8 Line scan results ｾｦ＠ the contrast phantom at 60keV 
for (a) the Nai(Be window) detector and (b) the CdTe detector 
using the uncorrected FWTM data 
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scattering at 60 keV is very much lower than . that for photoelectric 
absorption and therefore the number of scattered photons will be 
small and the number of photons having undergone several scattering 
interactions negligible. 
The image in figure 6.7 (c) reconstructed using the FWTM peak 
data for a CdTe detector shows similar detail as·those in figure 6.7 
Ｈ｡ｾ＠ and (b) and no serious .degradation due to the scattered counts 
.accepted within the data window. This is due to the same factors 
discussed above for the Nai (Be window) detector . 
. The contrast for the vials distinguishable in figure ＶｾＷ＠ with 
respect to the wa·ter -matrix .. calculated from the reconstructed values 
for the respective regions using equation 6.2 are shown in Table ＶＮＸｾ＠
As with the results for the CsF detector the large errors arise ､ｾ･＠
to the .large ·-Standard dev4ations- · on the · recohstrUcte'd data. 
Figure 6. B shows ·1 i ne scans through .vi a 1 --numbers 1 , 2 and · 3 for 
the images reconstructed using (a) ·the uncorrected .FWTM data with the 
Nai {Be window) .detector and (b) the uncorrected FWTM data with the 
CdTe detector. The position and actual internal diameter of each vial 
is indicated by the dashed line. 
The FWHM of these reconstructed vials ｦｯｾ･｡｣ｨ＠ detectqr are shown 
in Table .6.8 .with those for the FWHM peak data. These results, combined 
with the line scans, indicate good spatial accuracy. 
The reconstructed images of the spatial · resolution phantom TP2 
.(figure 5.3, section 5.1.2) using the standard Nai and Nai (Be window) 
: detectors are shown in ·figures ·6.9 and 6.10 respectively. The energy 
of. the photons used was 60 keV .(2 41Am) and the four individual images 
ＭＭ ＭＭ ｾ＠
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Figure 6.9 
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a b 
c d 
Figure 6.10 
in each figure correspond to: 
(a) the uncorrected FWHM data 
(b) the uncorrected ｆｾＱｔｲＴ＠ data 
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(c) the scatter corrected FWHM data 
(d) the scatter corrected FWTM data. 
In all the images the vials of diameter 3 mm to 14 mm are distinguish-
able whereas it . is not possible to see the one of 2 mm diameter. There 
is no .discernible difference in the images reconstructed using the data 
corresponding to the FWHM and FWTM peak windows or in the images 
reconstructed with the scatter corrected data compared with . those using 
the uncorrected data.· · The reasons for these results. are . identical to . 
. those discussed earlier for the contrast phantom.TPl using the Nal (Be 
window) detector and CdTe detector. 
The contrast for each -of the via 1 s ··in the -images ·. reconstructed 
using the uncor.rected · ｆｗｈｾ Ｍ Ｑ＠ .and Ｎﾷ ｆｗｔｾ ﾷ Ｑ＠ peak . data · was ca 1 cul a ted -with respect· 
.to ｷ｡ｴ･ｲ Ｎ ｦｯｲｴｨ･ｾｎ｡ｩ＠ (Be .window) detector .and the results are shown in 
Table 6.9.- For each set of .data and for the two contrasts in the object 
.-there is a .. marked. decrease in contrast between the 14 mrn .diameter vial 
and the 5.5 mm diameter vial. Similarly there ·is a decrease between 
.the 4 mm and 3 mm diameter vials. 
These distinct differences occurring ·for these particular sizes _ 
of vials are explained by the sampling frequency of .the projection data, 
that is, the spacing between the ray-sums (in practice this is the 
detector step length). The spatial resolution, r, is related . to the 
ｲ｡ｹｾｳｵｭ＠ spacing, a, by equation .2.61 (section 2.2.6), i.e. 
r ｾ＠ 3a 
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Table 6.9 Contrast results for vials in phantom TP2 with 
respect to water for images using the Nal (Be 
window) detector 
FWHM of 
Diameter of Contrast in Contrast in Error on contrast reconstructed 
via 1 (mm) object ﾷ ［ｾ｡ｧ･＠ in image vi a 1 s i n 1 i ne 
scans (mm) 
Uncorrected FWHM data (figure 6.10 (a)) 
. 14.0 0.74 0.71 0.29 15 ± ., 
5.5 0.74 0.58 0.27 6 ± 1 
4.0 0.74 0.56 0.26 4 ± 1 
3.0 0.74 . 0.41 o. 21 
14.0 0.-56 0.54 0.25 
5.5 0.56 0.44 0.22 
4.0 0.56 0.43 0.22 
3.0 0.56 0.36 0.24 
·Uncorrected FWTM data {figure 6.10 (b)) 
14.0 0.74 0.71 0.34 15 ± 1 
5.5 0.74 0.58 0.30 5 ± 1 
4.0 0.74 0.56 0.31 2.5 ± 1 
.3.0 0.74 0.29 o. 19 
14.0 0.56 0.55 0.27 
.. 5.5 0.56 0.45 0.26 
4.0 0.56 0.42 0.24 
.3.0 0.56 0.30 0.15 
------------------------·-- ····-·· · · .. 
.. :_ : ..,_. ... 
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ｈｾｷ･ｶ･ｲＬ＠ it is also true that spatial resolution approximately equal 
to 2a can be readily achieved . for high contrast objects [Phelps, 1977]. 
The ray-sum spacing equal to 2 mm used in these scans will therefore 
result in spatial resolutiQn of at least 6 mm, and 4 mm should also 
be achievable in certain cases. 
The line scan through the 14 mm, 5.5 mm and 4·mm diameter high 
contrast vials in the image reconstructed using (a) the uncorrected 
FWHM data and. (b) the uncorrected FWTM data for the Nai (Be window) 
detector ｡ｾ･＠ shown in ｦｩｧｾｲ･＠ 6.11 and the FWHM of each reconstructed 
.vial measured from the line scan are in Table 6.9. 
The images, contrast .· results; "'li·ne sc.ans"and FWHM ·of ""'the --· 
reconstructed vials all corroborate :the predictions for the spatial 
resolution achievable for these . scans. · To summarise: 
( i) in addition · to the.::·qua 1 i tative--res·oluti on- of -the ·-J4· inm vi a 1 s-== -
.. perci eved in the . image the -good agreement between the- ｩｭ｡ｧｾ ］ ＭＭＭＭﾭ
and object contrasts . for the two vial concentrations indicates 
good .quantitative resolution, further supported by the line 
scan results. 
(ii) the image contrast of the 5.5 mm and 4 mm vials and the line 
scans indicate poorer quantitative resolution whereas the 
·.vials are easily distinguished in the image . 
. (iii) the 3 mm vials are only just distinguishable in the images 
and the image contrast results imply very poor quantitative 
reso-1 uti on • 
. (iv) the 2 mm diameter vials cannot . be distinguished in the 
reconstructed data by any means. 
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Figure 6.11 Line scan results for the Nal(Be window) 
detector of the spatial resolution phantom at 60keV using 
(a) the uncorrected FWHM data, and (b) the uncorrected FWTM data 
___________ ____; ___________________ - ---
Photographs in section 6.3.3 
Figure 6.13 Reconstruction of phantom EPl recorded with the BGO 
detector (pixel size 2mm) using 
(a) the uncorrected FWHM data 
(b) the uncorrected FWTM data 
(c) the scatter corrected FWHM data 
(d) the scatter corrected FWTM data 
J. 
Figure 6.14 Reconstruction of phantom EPl recorded with the CsF 
detector (pixel size 2mm) using 
(a) the uncorrected FWHM data 
(b) the uncorrected FWTM data 
(c) the scatter corrected FWHM data 
{d) the scatter corrected FWTM data 
Figure 6.16 Reconstruction of phantom EP3 re.corded with the CdTe 
(a) & (b) detector (pixel size 2mm) using 
(a) the uncorrected FWHM data 
(b) the uncorrected FWTM data 
Figure 6.16 (c) Reconstruction of phantom EPl recorded .with the 
CdTe detector using the uncorrected FWTM data; 
pixel size 2mm. 
Figure 6.18 Reconstruction.of phantom EP2 recorded with the BGO 
detector (pixel size 2mm) using 
{a) the uncorrected FWHM data 
(b) the uncorrected ｆｬｾｔｾＱ＠ data 
(c) the scatter corrected FWHM data 
(d) the scatter corrected FWTM data 
... ,.-r.,.,. ﾷ Ｍｾ ｾ＠ -- ｾﾷＭﾷﾷｾＭＭ Ｚ ＭＭＭｾ Ｍ ＭＭＮＮＮＮＭＭＭＭＭＭｾＭＭＭＭ Ｍ ＭＭＭＮＭＮＭＭ ＭＭＮＭＮＮ＠ • 
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The above results highlight the usefulness of line scans and 
contrast .. for the quantitative analysis of images since the true 
spatial resolution of the reconstructed data. cannot be distinguished 
from.the images alone. 
6.3.3 . Analysis of images obtained in emission tomography experiments 
with phantoms 
The matrix for each of the emission phantoms was water containing 
.. no active solution and .therefore th:e contrast of the active vials with 
.respect to ｴｾ･＠ matrix is unity. For this reason one of the vials in 
each phantom was selected to be a reference vial and the contrast for 
each of the other vi·als comprising .the phantom i-s calculated with 
respect to. this. The contrast of the reference ·vial in the image is 
calculated with respect to the water matrix. The: contrast is calcu-
lated . from equation Ｖ［Ｍ［Ｒ ＭＭ ｵｳｩＧｮｧ Ｎ ｾ ｴｨ･ ﾷ＠ values -of the . acti-vity· per :unit-
l.ength .(kBq. mm- 1 )-.·- ·Table 6.10 shows the results of the ｣｡ｬ｣ｵｬ｡ｴｩｯｮｳＭ ｾＭＭＭ -· 
for ._the object -contrast of the vials . .:in EPl with respect to vial·l 
and. the. vials in EP2 and .EP3 .with respect to vial A. 
The effect of scattered photons on image qua·l i ty in emission 
imaging is primarily due to the errors introduced into the narrow 
beam geometry. In this study the ray-sums are measured :along .parallel 
1 ines and the reconstruction process assumes that .. the .photons . .contrj":" 
buting .to .a ray-sum originate along that line. However, as figure 
6.12 illustrates, scattered photons may be recorded in a particular 
ray-sum whilst originating not only from outside the narrow beam 
defining that. ray, but also from well outside the volume of accept-
ance of the detector collimator, e.g. path ABC, thus giving rise to 
errors in the measured ray- sum. . Furthermore,· a·l though the angle of 
l 
I 
i 
I 
i 
l 
l 
. · ... l 
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Table 6.10 Contrast in emission phantoms EPl, . EP2 and EP3 
Acti-vity in 
Contrast in 
Vial number vial 
object 
kBq mm-1 
Contrast phantom EPl 
1 3798 1. 0 * 
2 1898 0.33 
3 3037 0.11 
4 759 0.67 
Spatial resolution phantom EP2 
A 3766 1.0 * 
B 3798 0.004 
c 1758 0.36 
D 1172 0.53 
E 586 0.73 
Phantomfor CdTe experiments EP3 
A 3766 1. 0 * 
1 3798 0.004 
2 1898 0.33 
3 3037 o. 11 
* with respect to water. 
________ ....;.... _______ __,__ _____ _:__ ______ --- . 
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·detector volume of acceptance 
collimator 
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acceptance for primary photons is limited by the detector collimator 
{e = 8°) this ·does not limit the scattering angle of the scattered 
photons reaching the detector, e.g. path ADE. 
Figures 6.13 and 6.14 are the reconstructed images of the 
emission phantom EPl {figure 5.4, section 5.1.2) obtained with the 
BGO and CsF detectors respectively and the data .used in the recon-
. struction of the four individual images in each case correspond to: 
(.a) the FWHM ·of the peak without ·scattering correction 
{b) the FWTM of the peak without scattering correction 
{c) the scatter corrected FWHM peak data 
{d) . the sea tter corrected fl4TM -peak data. 
· :Thete is marked difference between the images corresponding to 
the FWHM and the . .FWTM :peak data using both the scatter ·corrected · and 
uncorrected . data for the BGO · detector whereas-the · difference for the -
.CsF .. detector is slight. This is due to the combination ·of two 
. factors. Firstly, although the increase in the angle of scattered 
photons accepted within the -- FWTM window compared with the FWHM window .. 
is about 38% for both detectors (Table 5.8) this results in a rela-
tively larger increase in .the actual number of scattered photons 
accepted by the BGO . detector than the CsF detector. · Th.i s is because 
the different-ial scattering cros.s-section between· scattering angles 
.. 30° and 40° {the angles ·of acceptance .of the FWHM and FWTM respectively) 
.for BGO is. higher than between scattering angles· 40° and 50° the 
corresponding angles for.CsF {figure 5.10) and, since the angle of 
. scattered photons accepted by .. the detector is not geometrically 
l.imi·ted (figure 6.12), this results "'in an actual increase in the 
. number of scattered photons accepted within a broader window proport-
.. ional to .the corresponding values of the dtfferential : scattering cross-
section. 
--·--1 
i 
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Figure 6.13 
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Figure 6.14 
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There is also a clear improvement in the images reconstructed 
using the scatter corrected .data for both the FWHM and FWTM windows 
with . the BGO detector which is not as evident. in the images for the 
.CsF detector. The explanation for this is the .same as .that for the 
increased degradation in the images corresponding to the broader data 
window using the BGO detector compared with the CsF, that is, scattered 
photons have a greater relative effect on the ·response of the BGO 
detector • . This i·s illustrated in figure 6.·5 and ·discussed in detail 
Ｍ ｾｩｴｨ＠ respect to the 662 .. keV transmission case (section 6.3.2). To 
. summarise, the number of photons within a certain scattering window 
for BGO is less than the number in the same window for- CsF (i.e. 
photons ｳ｣｡ｴｴ･ｾ･､＠ within the detector), therefore an· increase in the --
number of scattered photons incident on each detector will produce 
a relatively greater change in the response of the BGO detector than 
of the CsF. This is shown by the . PSR ... ｲ･ｳｵｬｴｳＬ ＭｾＭＺ ｩ＠ .e .• the. PSR for .-BGO· 
is reduced by 43% due to the presence ·of a scattering medium compared 
with a 23% reduction for Cs'F (Table 4.5, .section 4.3.4). 
The contrast results for vial 1 with respect to water and for 
the other. three vials with respect to vial 1 are. shown in Table 6.11 
·for the reconstructed images of EPl using CsF.(Similar to other -
calculations of contrast the large errors are due to the high 
standard deviations on the mean values) . 
. Figure 6.15 shows the line scans for the vials containing 
.3037 kBq mm-i and 3798 kBq ｭｭＭｾ＠ in the ,mages reconstructed using 
.the uncorrected and corrected FWHM data for the BGO detector. The 
FWHM of the reconstructed vials can be measured from the line scans 
and the results obtained are: 
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ ｾ Ｍ . . . 
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Table 6.11 Results of image contrast for vials in phantom 
EPl using.the CsF detector. 
Error on Activity in Contrast in Contrast · in Vial number contrast in 
vial object image 
image 
Uncorrected FWHM data 
1 3798 1. 0 0.78 0. 21 
2 1898 0.33 0.42 o. 10 
3 3037 0. 11 0.14 0.04 
4 759 0.67 0.66 0.24 
Uncorrected FWTM data 
1 3798 1. 0 0.77 o. 19 
2 1898 0.33 0.42 o. 12 
3 3037 o. 11 0.14 0.07 
4 759 0.67 0.64 0.13 
Scatter corrected FWHM data 
1 3798 1. 0 0.89 o. 15 
2 1898 0.33 0.39 . 0.09 
3 3037 o. 11 0.12 0.03 
4 759 0.67 0.59 o. 17 
Scatter corrected FWTM data 
1 3798 1. 0 0.87 o. 17 
2 1898 0.33 0.44 0.16 
3 3037 o. 11 0.14 0.04 
4 759 0.67 0.60 .0. 21 
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mm 
Figure 6.15 Line scan results for the BGO detector of the 
contrast phantom in emission mode using (a) the scatter · 
.corrected FWHM data, and (b) the uncorrected FWHM data 
a. 
b. 
120 
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(a) using the uncorrected FWHM peak data; 11. mm ± 1 mm for vial 
2 (undefined for vial 1) 
(b) using the scatter .. corrected FWHM peak data; 14 mm ± 1 mm for 
both vials 1 and 2. 
These line scan results indicate quantitatively the improved 
image quality of figure 6.13 (c) compared with 6.13 (a). 
The phantom EP3 was scanned using the CdTe detector and the 
images reconstructed using the uncorrected FWHM and FWTM data are shown 
.in figure 6.16 (a). and (b) respectively. Whilst neither image is 
particularly cl.ear the image corresponding to the FWTM data shows 
a larger amount of 11Speck1eu in the water matrix which is-due -to 'the 
larger number of scattered photons accepted compared with the FWHM 
window. (the angle .corresponding to the FWTM is .66% .broader than that 
for , the FWHM and ·the-d.; fferenti a1 .-cross-section. for thi s·""'range of 
.angles, that is 17°. -to· --30°, .. -is high (Table 5.8 and Figure -5.'"'10)) • 
. The :. primary cause of ·the- poor ·image quality for the CdTe emission 
images is statistical,· due to the low efficiency of CdTe at 364 keV 
(figure 4. 1) which results in low total counts per ray-sum despite 
.. relatively long counting times per ray-sum ·(BOs). F.igure 6.16 (c) 
further illustrates this fact; the image is that of phantom EPl 
reconstructed using the uncorrected FWTM data . recorded with the CdTe 
.detector and a counting time per ray-sum of 30s and also shows a 
large amount of .. speckle 11 • 
The results of the calculations of contrast for vials 1, 2 and 3 
in phantom EP3 with respect to vial A and of vial A with ｲ･ｳｰ･｣ｾ＠ to 
... water are shown in Table 6.12 (As previously ｴｨ･ ｾ ｬ｡ｲｧ･＠ errors arise 
due to the high standard deviations on the ·mean values). 
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Table 6.12 Image contrast for vials in phantom EP3 using 
the CdTe detector 
ｆｗｈｴｾ＠ of 
Activity 1n 
Error on image ｲ Ｎ ｾ｣ｯｮｳ＠ true ted Vial Contrast in Contrast in 
vial 
number object 
kBq nrn- 1 
image contrast vials from line 
scans (mm) 
Uncorrected FWHM data 
A 3766 1.0 0.90 0.20 
3798 0.004 0,02 0.02 17 ± 1 
2 1898 0.33 0.20 0.09 
3 3037 o. 11 0.08 0.03 14 ± 1 
Uncorrected FWTM data 
A 3766 1.0 0.83 0.22 
3798 0.004 0.02 0.01 19 ± l 
2 1898 0,33 0.17 0.06 
',3 3037 0.11 0.05 0.05 11 ± 1 
Figure 6.17 {a) and (b) shows the line scans through the vials 
containing ·3798 kBq mm- 1 and 3037 kBq mm- i in the images recpnstructed 
using the uncorrected FWHM and FWTM data respectively. .The higher and 
irregular background in the line scan for the FWTM data is due to the 
larger number of scattered photons compared with the FWHM data and is 
the "speckle .. seen in the image (figure 6.16 (b)). The results for 
the FWHM of the reconstructed vials in the line scans are shown in 
Table 6.12 and clearly the results corresponding.to the FWHM data are 
in better agreement with the actual vial size of 14 mm. 
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3037 kBq mm-1 
vial 
3798 kBq mm-1 
vial 
FWHM 
a. 
b. 
ｾ｢ｯ］］ｾ Ｔ ｾｯ､ｌＭＭｾＶｯｾ］］］ｳｾｯ］］ｾｾＱｯｾｯＭｌｾＱＲｾｯｾ＠
mm 
Figure 6.17 Line scan results for the CdTe detector in emission mode 
using (a) the FWTM and (b) the FWHM 
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The image·s obtained of the spatial resolution emission phantom 
. EP2 for the BGO and CsF detectors are shown in ｦｾｧｵｲ･ｳ＠ 6.18 and 6.19 
respectively. The four images . in each figure correspond to: 
. (a) the uncorrected FWHM data 
{b) the uncorrected FWTM data 
(c) the scatter corrected FWHM data 
(d) the scatter corrected FWTM data . 
. (Note that due to a .difference in the plotting routine used the 
images in figure 6.18 are equivalent to .the mirror of those in 
6.19 and rotated through 90°). 
The vials in the images for the CsF detector are clearly defined 
for. all the data sets whereas in the images· for the BGO detector the 
vials. are blurred, to the extent that two -vials are ｭ･ｲｧ･､ Ｍ ｴｯｧ･ｴｨ･ｾＬ ﾷ ｾ ｾＭ . 
. and . also the matrix surrounding the ¥ial·s is 1ess ·homogeneous. This · 
more pronounced image degradation for ·the BGO detector ·is due to the -
.relatively greater effects of scattered photons on . the spectrum of the 
.BGO detector compared with the CsF (indicated . by the PSR results (Table 
4.5, section 4.3.4) and figure 6.5 and discussed ·previously for the 
662 keV transmission scans and contrast emission results) • . 
Whilst there is an improvement in the images for the CsF detector 
using the scatter corrected data compared with those using the uncorrected 
data there appears to be no discernible differences in the correspond-
ing images for the BGO detector. This is probably due, once again, to 
the difference in sensitivity of the two detectors with respect to 
-: scattered photons, i.e., since ·a small increase tn the number of scattered 
. photons incident on the BGO detector has a relatively greater effect 
on,the spectral response compared with the CsF detector, than the amount 
. of scatter .subtracted from the total peak data·for BGO must more accurately 
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Table 6.13 Image contrast. for vials in phantom .EP2 using 
the BGO detector 
Activity in Error on 
Contrast in Contrast in Vial number vial contrast in 
object image 
kBq mm-1 image 
Uncorrected FWHM data 
A 3766 1.0 0.83 0.20 
B 3798 0.004 0.13 0.06 
c 1758 0.36 0.16 0.06 
D 1172 0.53 0.33 0.07 
E 586 0.73 0.47 0.10 
Uncorrected FWTM data 
A 3766 1. 0 0.78 0.22 
B 3798 0.004 0.11 0.05 
c 1758 0.36 o. 12 0.06 
D 1172 0.53 0.28 0.05 
.E 586 0.73 0.40 0.09 
represent the actual amount of scatter within the peak windpw whereas 
for CsF larger,errors on this quantity can be tolerated. 
The contrast values for vial A with respect to water and for 
vials B, C, D and E with respect to A are shown in Table 6.13 for the 
BGO detector. The image contrast results for vials B and C indicate 
. poor correlation with the object contrast. These large errors arise 
. because. the vials merge into each other {figure 6.18) leading to errors 
- 198 -
in the definition of the regions over which the means of the recon-
.structed values should be taken which results in spurious mean 
values. 
6.4 Tomography Experiments .Using a Position Sensitive Cadmium 
Tungstate Detector Array 
6.4.1 Introduction 
Although the suitability of cadmium tungstate (CdW0
4
) for 
imaging applications has been identified [Faruchi, ＱｾＷＸ＠ and 1982] 
there .has been no literature reported with respect to this aspect of 
the .material by other workers [Sanders and ·spyrou, 1982a]. The 
properties suggesting the usefulness of CdW04 for imaging applicat-
ions are discussed in section 4.2.1, to summarise: 
(i) high atomic number: Z ｾＵＴ＠ compared with Z ｾ＠ 62 for BGO and 
Z ｾ＠ 46 for Nai. 
(ii) high density: p = 7.9 x·l03kg m-3 compared with p = 7.13 x 103 
-for BGO and p = 3.67 x 103 for Nai. 
(iii) high stopping power: thickness to attenuate ·90% at 150 keV 
is 3.0 mm compared with 2.3 mm for BGO and 10.4 mm for Nal • 
. (iv) high scintillation conversion efficiency: 65% compared with 
8% for BGO (both with respect to Nai). 
(v) low afterglow (defined as the percentage of the X-ray beam 
.intensity 3 .ms after irradiation): the value for CdW0
4 
of 
0.005% is about the same as for BGO and compares favourably 
. with 1.0 to 5.5% for Nai. 
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Furthermore, the characteristics of CdW0
4 
make it a suitable 
material for operation in de photovoltaic mode by means .of optically 
.. coupling cr!Ysta 1 s to . photodi.odes. The parameters of importance for 
. this mode of operation are low afterglow, high scintillation conver-
sion efficiency and suitable \A/avelength of emission. The emission 
wavelength -of CdW0 4 is 540 .nm which is suitable for spectral matching 
with silicon photodiodes. 
6.4.2 ｃｨ｡ｲ｡｣ｴｾｲｩｳｴｩ｣ｳ＠ of· the detector array 
The prototype CdW04 detector array for research purposes 
.obtained on . loan ·from Harshaw Chemie .BV consisted of eight detect-
ing elements (l .mm width "· x 3 mm depth ·x 6 mm .length) each --optically 
.coupled to silicon photodiodes of the .same active area (1 mm x 6 mm) 
. embedded .in a resin block .with centre-to-centre separation of 3 -mm, 
giving an overall. ::detector array -length ·of--22·-· mm. --Figure 6.20 (a) -
.shows the .resin block ·containing the -detector ｾｲｲ｡ｹ＠ beneath the-bake-
l.ite mounting board • . Each pair of electrodes from the photodiodes 
connects with a pair of output pins .on the bake 1 i te board .across which 
the current .is measured. Due. to high levels of noise in the 
.scintillator-photodiode system the detector is housed in an aluminium 
.casing and .the signal is fed via a BNC connector to triaxial cable 
.(figure 6.20 {b)). The X-radiograph of the resin block in f.igure 
6.21 (a) clearly shows the .positions of the individual CdW04 .detecting 
elements and ·the photodiodes underlying them. Figure 6.21. (b) is the 
l-radtograph of the complete .detector. 
The silicon photodiodes were .operated in photovoltaic mode 
.requiring no bias and the current was recorded on a Keighly electro-
. meter. 
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(a) 
(b) 
Figure 6.20 
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Figure 6.21 
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All CdW04 experiments, including those in tomography were · 
carried out using a variable energy X-ray tube. The response of 
.the detecting elements with respect .to the X-ray tube were first 
.examined. 
The detector current was recorded for several kVp values of 
the X-ray tube and an 11 energy resolution .. was detennined. The mean, 
.x,· and standard deviation, a, of the current for each kVp were 
determined from the results of several readings. The standard 
deviation is now defined to be the equivalent of resolution and is 
converted to.kVp by calculating the change ·in current produced per 
unit change in voltage, A·(amps/kVp), for that energy range. There-
fore the energy resolution, ·in kVp, is given by 
R = * kVp • {6.5) 
The results of energy resolution for ·a typical detecting element are 
shown in Table 6.14 . 
. Table 6.14 Energy resolution .results for a typical detecting 
element 
. x-.ray tube Energy resolution 
voltage (kVp) of detecting 
element {kVp) 
150 11. 1 
170 12.8 
190 16.6 
210 18.4 
230 23.7 
250 27.7 
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The energy resolution defined in this way is a function of both 
the X-ray tube and the detector since both cr and A are combinations 
of fluctuations in the X-ray tube output and detector response. 
The X-ray tube was operated at 250 kVp for all subsequent 
experiments. 
By means of test .objects the spatial characteristics of the 
complete detector array were studied. 
The edge spread function (esf) for each ·detecting element was 
measured by translating an X-ray opaque sharp edged object across the 
face of the detector. The results for the esf of each detecting element 
are shown in .Table 6.15 in terms of the FWHM. The mean FWHM of all 
the detecting elements is 1.65 ± 0.15 mm. 
Table 6.15 The FWHM of the esf for each detecting element 
ｆｗｈｾＱ＠ of 
Detecting 
esf 
element 
(mm) 
1 1. 7 
2 1. 7 
3 1.7 
4 1. 7 
5 1. 8 
6 1.6 
7 1. 3 
8 1.7 
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A further test object was constructed consisting of a 3 mm 
thick lead sheet with 1 mm diameter holes drilled through it .at 
various spacings ranging between 1 mm and 3 mm. The object was 
translated across the surface of the detector and the ｲ･ｳｾｬｴｳ＠ are 
illustrated in figure 6.22 .. (a). The upper rectangle represents the 
object where bright bands indicate the positions of the holes. The 
detector response is shown on a five level colour scale with the 
scales equally split.across the response range from the minimum 
detector reading to the.maximum. The higher reading is represented 
by a brighter band and it is clear .. that it is possible to resolve the 
holes in.the test object at all spacings. 
6.4.1 Tomography _experiments. and .. reconstructed images 
A number of transmission tomography experiments were carried 
out with the CdW04 detector array utilising its property of position 
sensitivity. 
Since an X-ray tube flux is required in order to . produce a 
detectable signal the tomography experiments could not be carried out 
using the scanning rig described in section 5.1.1 and therefore the 
. scanning process. and data collection was manual. The object to be 
scanned was mounted on a platform· which was accurately rotated by 
means of a micrometer screwguage control. The ray-sums were collected 
by translating the platform with respect to the detector array along 
a graduated scale and therefore the geometrical precision was relati-
vely poor. 
The image in figure 6.22 .(b) was obtained by scanning a test 
object which consisted of a polythene tube of internal diameter 13 mm 
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Figure 6.22 
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and wall thickness 1 mm which had a 5 mm aluminium rod :in its centre 
. surrounded by water. The pixel size in the image is 1 mm and the 
.aluminium rod is accurately defined having a diameter of 5 pixels. 
The water filled area in the : image has a diameter of l3 .. pixels 
.corresponding to the diameter. of the tube and the tube walls are 
just distinguishable. The contrast .of the aluminium rod with respect 
to water calculated using linear attenuation coefficients is 0.45 
and the contrast in the image calculated from the reconstructed data 
is ＰｾＴＲ＠ ± 0.06. Figure ＶｾＲＳ＠ is a line scan through the centre of the 
.image in which.the features of the object are clearly defined thus 
7 
providing a quantitative indication of image quality. 
Figure 6.22 (c) is the image obtained by scanning a l mm thick 
lead . bar formeq into an L-shape. In this case the .ray-sum spacing, 
. and hence pixel ｳｩｺ･ｾ＠ is equal to the separation of the detecting 
elements in . the array,- that · is, 3 mm. The ·basic shape .of the obj'ect 
can be distinguished with a thickness bf one pixel corresponding to :-··· 
3 mm. The anomalies in the image are probably a result .of positioning 
errors • . The axis of the object. may not have ·been precisely parallel 
.with the axis of rotation. Furthermore, the slice thickness of the 
scan is .equal to the length of the ｾ･ｴ･｣ｴｩｮｧ＠ elements, i.e. 6 mm, 
. resulting .in. points being separated by up to 6 mm along ·the length of 
the object contributing to the same ray-sum. Therefore, if the object 
axis is at an angle to the length. of the detecting elements then the 
. .points of the object sampled in a single ray-sum wi'll lie outside the 
narrow. beam defining the ray-sum as shown in Figure 6.24. 
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Figure 6.23 Line scan through polythene tube test object 
for the CdW04 detector 
a. 
b. 
Figure 6.24 
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detecting element 
ax1s of rotation 
Scanning geometry using the CdW04 detector ｡ｲｲ｡ｾＺ＠
{a) object axis parallel to axis of rotation 
(b) object axis non-parallel to axis of rotation 
• 
Photographs in Chapter 7 
Figure 7.1 
(a) Reconstruction of electrical plug; pixel size 2mm 
(b) Reconstruction of bicycle lamp; pixel -size :2mm 
(c) Reconstruction of human tibia; pixel size 2mm 
(d) ｒ･｣ｯｮｳｴｲｾ｣ｴｩｯｮ＠ in emission mode of gold wire phantom; 
pixel size lmm 
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CHAPTER 7 CONCLUSIONS 
Efficiency and, less frequently, energy resolution have been 
the usual criteria employed. for the detenmination of the .suitability 
of detectors for imaging applications. The result of this is that 
the majority of tomography systems and related research programmes 
can be. categorised into two groups: 
(i) . those employing high.efficiency detectors such as Nai [Hounsfie1d, 
1973; -Derenzo et a 1 • , 19.79; Kruger, 1981] and BGO [Cho et a 1 • , 1978; 
Derenzo et al., 1981] and, more recently 
(i .i) those employing detectors having good energy resolution such 
as high purity Ge [Glasow et al., 1981; Mauderli et a1., 1980), high 
purity Si [Naruse et al., 1981] and room temperature semiconductors 
(Hgi 2 and CdTe) ·[Levi et al., 1982; Chu et al., 1978]. 
The second .of these groups indicates the increasingly wide 
.recognition of the -degrading effects that scattered photons ·have on 
image qua 1 i ty. s·i nee improved energy reso 1 uti on is a means by which 
the number of incoherently scattered photons accepted in .the photo-
peak can .be reduced. However, a number of incoherently scattered 
photons are .always present within the photopeak width \-lhich cannot 
be eliminated· .aomplete_ly'py'·means of energy resolution (except in the 
unrea 1 is tic ca.se of zero energy reso 1 uti on) and of course energy vr-
resolution has no effect on the number of coherently scattered photons 
accepted • . The relative contribution that the incident scattered 
photons .. make to the detector response depends on two factors: 
(i) the size of the detector with respect to the mean free path 
of the scattered photons (section 3.3.2). 
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(ii) the ratio of the Compton scattering and photoelectric absorpt-
ion coefficients of the .detector material. 
The detection characteristic that can be measured and. represents 
the combined effects of these two .factors is.the peak to scatter 
ratio (PSR). Furthermore,. ·if the PSR is measured both in air and 
in the presence of a scattering medium then.· the relative contribution 
made by the increased number of incident scattered photons to the 
.detector response is indicated . by the ratio of the· two PSR measurements. 
The results obtained from the measurements of PSR and other 
detection characteristics pertinent to imaging applications for the 
detectors employed in the tomography experiments Ｍ ｷ･ｲ･ ｾ ｵｳ･､＠ to predict . 
the relative suitability of each detector in ·terms of these (Table 4.8), 
.underliriing the particular importance of each ·parameter. 
In both transmission and emission modes the number of scattered 
photons accepted within a certain photopeak·window depends on the · ' 
incident photon .energy. The difference in energy between .the primary 
and .scattered .photons at a .particu.lar angle increases with primary 
photon energy (Table 3.2) and therefore the scattering angle of 
acceptance within a .certain peak Window ｩｳﾷｳｭｾｬＱ･ｲ＠ for high energy 
photons. For example, for Nal the FWTM at 66Z keV is about 14% and 
.corresponds .to e = 19° whereas the FWTM at ·60 keV .. ·is equal to about · 
15% and corresponds toe= 126° . (Table 5.8). 'However, at high energies 
a small change in this angle results in a relatively ｬｾｲｧ･ｲ＠ increase 
.in the number of scattered photons accepted ｳｩｮ｣･ｾ＠ is higher for 
small scattering angles at ｨｩｾｨ＠ energies than for large scattering 
angles at low energies (figure 5.10). 
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In transmission mode the geometrical angle of acceptance for 
scattered photons is limited by the .collimators {figure 6.2) and is 
generally lower than the angle corresponding to the energy window 
for low primary photon energies (e.g., in this study the geometrical 
angle of acceptance was 1 Ｐ Ｎ ｾ＠ whereas the angle of acceptance cor res pond-
.. ing to ｴｨｾ＠ FWHM energy window at 60 keV was > 80° (Table 5.8)) and 
therefore an ..increase in this window width would not result in an 
increase in the number of singly scattered photons recorded. 
Scattered photons are said to ｣ｾｵｳ･＠ image degradation in trans- ｾ｜Ｚ ｾ＠
mission tomography due to the errors that they introduce into the 
narrow beam geometry and in the accurate measurement of the linear 
attenuation coefficient. From the results in section 6.3.2 it is clear 
that, although photons scattered through larger angles are accepted at 
. l.ower.energies than at high energies., the improvement .in image ·quality 
produced by. .subtracting a scattering component from the .total peak data 
is indistinguishable -whereas .at high energies there is a marked 
improvement • . This is partially explained by · the results in Table 6.7 
where the ratio of the incoherent .scattering cross-section to the 
photoelectric absorption cross-section is < .1 for · most of the materials 
.comprising the phantoms and therefore the probability .of .incoherently 
scattered photons reaching the detector is low. However, the more 
important conclusion that can be drawn from these very small differences 
in the scatter corrected images which .have large angles ··of acceptance 
ｦｾｲ＠ scattered photons,.is that the errors introduced into· the narrow 
beam geometry by scattered photons are small and that ·the major source 
. of image deg.radation. caused by scattered photons .is due to· the errors 
that they introduce into the measurement .of li'near attenuation coeffi-
.cients. This conclusion is further supported· by the results obtained 
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at higher energies where serious image degradation .occurs and 
.. pronounced improvement in image quality is achieved by .scatter sub-
traction. At higher energies incoherent scattering is.predominantly 
forward angled {figure 5.10) and hence a large number of scattered 
photons are within both the geometrical angle and discriminator 
window angle .of acceptance andthe difference in energy between 
scattered and primary photons is large. 
ｾｉｮ＠ emission imaging the angle of acceptance for scattered ｾ Ｍ
photons is not geometrically limited (unlike the transmission case) 
and therefore the.number of scattered photons recorded depends 
entirely on the angle of acceptance determined by the discriminator 
. window • . Scattered ·photons introduce· errors ·into the narrow beam 
geometry in emission mode which is perceived in·the ｲ･｣ｯｮｳｴｲｵ｣ｴｾ､＠
.images as -blurring --around the centres . of activity. which is evident 
in all . the emission· images-· particularly: in areas ｢･ｴｷ･･ｮ Ｍ ｶｩｩｬｳｾ＠ _Jf -
there is a significant amount of blurring this ｾ｡ｮ＠ ·lead · to the merging 
. together of two neighbouring .centres .of activ.ity; .this is ·clearly 
shown in figure 6.18 where the two .vials in the top : left hand corner 
of each . image merge. Furthermore, the images -reconstructed in this 
study are not corrected for .attenuation effects. It . is well known 
that attenuation corrections are .essential in ·order ·to carry out 
quantitative studies but the qualitative effects of attenuation .are 
not welJ defined. However, it is likely that attenuation will also 
i ｲｶＭ･ｾ＠ 1,\.\G\..-nl;ieS 
produce ＡＮｾＴＱＢＬ＠ the extent .and uni'formity of which will depend on 
the object composition, i.e. : more pronounced . ｩｶｙｾｪｾａｬｃＴｲｩ＠ ties of 
... the centre of activity may occur . towards the areas of: high attenuation 
in .the object. This attenuation factor, combined with the .effects of 
scattered photons, . is probably the explanation .for :the ｮｯｮｾ｣ｩｲ｣ｵｬ｡ｲ＠
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shapes of the reconstructed vials in .figures 6.13, 6.14, 6.18 and 
6.19 and contributes to the merging of the two vials in figure 6.18. 
Each .of the vials in these images appears elongated, particularly 
in 6.18 and 6.19. and the axis along which this elongation occurs is 
towards the other vials which have higher attenuation coefficients 
than the water matrix. 
Table 7.1 shows the .results of calculations for the mean 
contrast ratio.which is the mean of the contrast ratio calculated 
using equation 6.3 for all the vials comprising the image for a 
particular scan. Comparison of the contrast ratio for the FWTM data 
window with the FWHM data window indicates several trends: 
. (i) for all the scans in both .transmission and .emission mode the 
. contrast ratio -for the FWHM window is greater. than that for . 
. the FWrM window thus .indicating: .. poorer--image···accuracy for= the -
.broader data window which .is due to the increase in · the -number 
of scattered photons recorded. 
(ii) in transmission mode ｴｨ･ｾＥ､ｩｦｦ･ｲ･ｮ｣･＠ between the contrast 
ratio for the FWHM and FWTM windows is greater for the scans 
.carried out using high energy. photons, ·further-supporting the 
theory that the _contri buti.on made by scattered photons to the 
peak .data, and hence image degradation, tncreases with energy. 
· (iii) the increased importance of data window selection .as a means 
.of minimising ·the number of scattered photons accepted in -emission 
imaging (since the angle of acceptance is not. geometrically 
limited} is shown by the fact that the% difference -between the 
two .peak data windows is considerably greater for the emission 
scans than for the transmission scans. 
ｾｔｨ･＠ mean contrast ratio calculated for each phantom is ｡ｾｭ･｡ｳｵｲ･＠
of the effects of the imaging process on the structures within the 
phantom and hence includes, for the spatial resolution phantoms TP2 
and EP2, the effects of vial size on contrast. Comparisons of the 
mean contrast ratio with respect to different photon energies, data 
windows and imaging modes i.e. emission or transmission will also 
therefore include these effects. 
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* Table 7.1 Mean contrast ratio results and percentage 
difference in means contrast ratio between 
the FWTM and FWHM peak data windows 
Mean contrast Mean contrast 
% difference in 
Standard Standard contrast ratio Phantom Detector ratio: FWHM ratio: FWTM 
deviation deviation between FWTM peak data peak data 
& FWHM windows · 
TPl (662 keV} CsF 0.97 0.19 0.88 0.11 9.3 
TPl (60 keV} Nai (Be} . 0.87 0.05 0.82 0.06 5.7 
TP2 (60 keV} Nal (Be) 0.78 0.12 0.75 0.19 3.8 
EP1 BGO 1.05 0.12 0.92 0.09 ,12.4 
EP2 BGO 0.75 0.19 0.50 0.24 16.0 
EP3 CdTe 0.68 0.07 0.56 0.09 17.6 
The comparison of the images obtained using the ｃｳｆ ﾷ ､･ｴ･｣ｴｯｲ ｾ ｷｩｴｨ＠ · 
those .of the BGO detector in both ·the transmission scans at 662 keV 
(figures 6.3 and 6.4) and the emission scans (figures 6.13, 6.14, 6.18 
and 6.19) shows that the results are contrary to the . predictions made 
for the relative suitability of each . detector· for imaging based on the 
detection characteristics (chapter 4). Due to its superior energy 
resolution and higher PSR in both air and water the BGO detector was 
expected to produce better images than the CsF detector {figure 4.2 
and Tables 4.4 and 4.5). However these predictions did not · take into 
account the greater sensitivity of the BGO detector to incident 
scattered photons {figure 6.5) compared with CsF which is due to the 
number of scattered photons within the BGO detector -itself being much 
lower than for the CsF detector. 
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The fact that the effect on image quality of subtracting a 
scattering contribution from the total peak data is only slight for 
most of the scans using BGO compared with CsF is also due to the 
higher sensitivity of the BGO detector to incident scattered photons 
(section 6.3.2). The error. that can be tolerated on the amount of 
scatter which is subtracted from the BGO detector spectrum is small 
.whereas .for the CsF, due .. to its relative insensitivity to incident 
scattered photons this ･ｲｾｯｲ＠ can be larger. Therefore, for detectors 
such. as . BGO that have high PSR values in air which are significantly 
reduced by ,the presence of a scattering medium the ·. amount· of scatter 
that is subtracted from the total peak data is crucial and must 
accura te.ly . represent .-the, actua l .. :contr.i butj on made · by sea ttered photons 
to that window. This is illustrated in figure 6.13; for the FWHM 
.peak data the image obtained .by .subtracting a scattering contribution 
from the total peak data -i-s- excellent--whereas artjfacts -are still _: ___ ... 
evident in the .corresponding· ｩｭ｡ｧ･ ﾷ Ｍ ｦｯｲ ＭＭ ｴｨ･ ｾ ｆｾｊｔｍ ｾＬ ｰ･｡ｫ＠ -data -imply.i.ng .. 
that for .the FWHM peak ｷｩｮ､ｯｷｾｨ･＠ amount ｯｦ ﾷ ｳ｣｡ｴｴ･ｲ Ｍ ｾｵ｢ｴｲ｡｣ｴ･､＠ more -
accurately .represented the actual amount recorded within the window. 
To summarise, if the amount of . scatter subtracted from the total 
peak data accurately represents the actual ·scattering contribution, 
then the image quality · for.one detector compared -with another will 
depend .on the energy resolution of .. each detector (assuming adequate 
. s ta ti s.t i c s ) • 
The use of line scans and calculations of contrast :have been 
shown .to be powerful techniques ·in the quantitative analysis of 
images •. Since human image perception is inadequate in the accurate 
.assessment .of images a form of .digitisation .:.is necessary. It is 
desirable that the quantitative ·technique employed · is easily imple-
mented and that results can be rapidly obtained; the line scan 
- -- - ----------,-------
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satisfies both of these requirements and possesses the further 
advantage that the ·.information, whilst being quantitative, is also 
.visually . displayed. The FWHM .of ·the reconstruction of a symmetrical 
structure, . such as the .vials·· in this study, is determined directly 
from .the line scan and indicates the spatial accuracy of .the recon-
structed image. Furthermore, the data required in order to calculate 
the image contrast can also be determined from the line scan. 
The efficacy of. quantitative analysis by means of line scans 
.and contrast is demonstrated in sections 6.3.2 and 6.3.3 particularly 
.with respect to the spatial resolution measurements ·in transmission 
mode. All the ·vials of· 3 mm diameter and above can be distinguished 
in the images (figures -6:9 ｾｮ､＠ 6.10). When the images are assessed 
. . by means of li.ne scans good · spatial accuracy is ·indicated for the 
5.5 mm and 14 mm vials but not for the 4 mm. Furthermore, results 
from ｣ｯｮｴｲ｡ｳｴ Ｎ ｣｡Ｍｬ｣ｵｬ｡ｴｩｯｮｳ ＮＺ ｳｨｯｷＮ ｾ ｧｯｯ､＠ agr.eement ·for·: the--14 ,...mm via-l, 
reasonabl ｾ＠ for ·the 4 mm and ·5.·5 mm via 1 s -and ｰｯｯｲ ｾ＠ agreement for the 
3.mm vi.al. Therefore it can be concluded that "quantitatively" the 
spatial resolution achievable . is r ｾ＠ 3a (a = detector step length), 
whereas. 11 qualitatively" r ｾ＠ 2a . 
The results of the experiments employing the .CdH04 .detector array 
(section 6.4) indicate that scintillator-photodiode ｣ｯｭ｢ｩｮ｡ｾｩｯｮｳ＠ are 
. an interesting and viable alternative to conventional systems. Their 
.advantages include size, weight, reduced electronics and, since they 
｣｡ｮ Ｎ ｢･ ｾ ｦｯｲｭ･､＠ into · miniature arrays due to their .small size, position 
sensittvity. However, due to the fact that they are operated in 
ｾ＠ . 
current mode, energy discrimination is not possible and hence all 
scattered . photons are also recorded. A further .disadvantage is due 
to ... the .inefficiency of the combination which .results in the need for 
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high photon fluxes and hence an X-ray tube is required in order to 
obtain a signal which is significantly larger than the dark current 
of. the detector, e.g. in this study the dark.current for a typical 
.. detector element was 1.2 x 1Q-14A and the signal obtained with the 
X-ray.tube at 250 kV was 2.2 x l0-1 2A. 
In addition to the tomography experiments carried out with 
phantoms a number of-"real 11 objects were also scanned {Table 6.3, 
section 6 •. 2.2). The images obtained from four of these scans are 
shown in Figure 7.1 • . 
Figure 7.1 (a) is the cross-section through a three pin 
el ectri ca 1 . plug and -comparison of the image with .. ·the outline .overlay 
shows that the areas corresponding ·to the ·bakelite·base and to the 
brass screws .and pins can be distinguished. 
The image of the bicycle ··lamp in· figure Ｗｾ＠ 1. (b) -shows the 
metal outer casing, the batteries and bulb holder • . The air space 
between the metal support loop and .the back of the ·lamp is clearly 
shown as are the spaces between the batteries and the bulb unit. 
The cross-section of the human tibia imaged in figure 7.1 (c) 
is an archaeological sample and therefore the centre, Which would 
normally be composed of marrow, now contains .air. Analysis.of this 
image showed that this central area had the same attenuation as the 
. . air background matrix. Furthermore, two distinct areas of bone · 
mineral which may correspond.to .the trabecular and ·cortical bone 
.are .. differentiated (yellow. and red areas respectively). 
The emission scan of an irradiated·piece of gold wire of 
diameter 1 mm is shown in figure 7.1 (d). The .pixel size is 1 mm 
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Figure .7 .1 
'"-----· -····-··-----··--· .. -·-- --··-· -----·-· 
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and considerable blurring can be percieved around the wire which is 
mainly due to the effects of scattered photons since the background 
matrix was air. 
It is likely that in the future this research programme will 
become more heavily biased towards emission imaging since the interest 
of the AERE. is to ·employ tomographic techniques for the non-destructive 
testing of burnt fuel rods and for the scanning ·of radioactive waste 
bins in order to . locate and quantify centres of activity. The problem 
of attenuation and. methods of correction will become ·more crucial 
., particularly in order that quantitative testing can be carried out. 
Since it .is unlikely that· homogeneous object composition can ·be 
assumed. and that objects having irregular shapes may be tested the 
ｭ･ｴｾｯ､ｳ＠ of. attenuation correction employed in medical imaging are 
.unsuitable • . ·.A .simple solution to the problem · is to reconstruct an -= . A 
.approximate attenuation distribution by means of·measuring transmission 
.projection data at. large .incremental angles. An attenuation correction 
based on this reconstructed distribution can then ｢･ｾ｡ｰｰｬｩ･､＠ to the 
.emission projection data. 
However, limited geometrical .accessibility of the object and/or 
the.additional ｾｩｭ･＠ required to ·perform a.crude transmission scan are 
·major limitations of this dual mode . technique and the relationship 
.between .the . linear Compton scattering cross-section and source depth 
.deri'ved in section 3.4.2 may be usefully applied • 
. 
The major di sadvanta.ge of the prototype scanning rig is the 
time required to acquire ｴｨｾ Ｎ ｰｲｯｪ･｣ｴｩｯｮ＠ data. There are several 
experimental variables that i'nfluence the scan time including the 
.activ.ity. of the source, the efficiency of the detector, the number 
·--, 
I 
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of detector steps and the speed of the motion of ·the object. The 
activity of the source in transmi.ssion mode is limited due to shield-
ing: ｾｯｮｳｩ､･ｲＮ｡ｴｩｯｮｳ＠ and in emission mode it is nonnally ｡ｾ＠ .. property 
of the object and is not a. controlled parameter. The present method 
. of. object motion is time consuming since each projection starts from 
the same position, i.e. the object platform returns to the origin at 
-the end of each projection whereas if the projection data were 
.recorded during the. object translation in· both directions then the 
scanni.ng time could be ·considerably reduced. 
A significant reduction in scanning time . can be achieved by 
.reducing the number of detector steps since this results in a ｾｲｯｰｯｲｴﾭ
. ional decrease in ·the scanning time. The ･ｦｦ･｣ｴｩｶ･ Ｎ ｮｵｭ｢･ｲ Ｍ ｾｦ ﾷ ｾ･ｴ･｣ｴｯｲ＠
.steps can be reduced by increasing.the number-of -detectors and, since 
the reduction .. in scanning . time is proportional·:to the number of steps, 
.doubling the number of -detector.s ·would half ·the ·scanning :time, ·and so · 
on. Therefore cons.iderabl.e timing advantages can .be ·.gained by employ-
.; ng detector arrays. 
Due to the flexibility of the design of the scanning rig it 
possesses. the potential to be employed for tomography techniques which 
depend on the detection and measurement of scattered .radiation. 
· Imaging .techniques ·employing Compton scattered photons are .employed 
in.both medical [Leunbach, 1977] and non-medical [Harding, 1982] 
.. applications. The images obtained using this · technique represeni 
.the distribution of the electron density and the advantages reported 
.are .a lower patient dose [Leunbach, 1977] and in non-destructive 
testing the ability to image thi·n sheets and, by back scatter imaging, 
the surfaces of large ｯ｢ｪ･｣ｴｳＮｾＮ｛ｈ｡ｲ､ｩｮｧＬ＠ 1982]. 
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-A further extension of Compton scattering lies in the applicat-
ion of the method. by which the density of a- material .can be measured 
using the combined measurements of Compton scattered and primary 
photons .(section 2.3.3). The reconstructed images obtained using 
this technique would represent the density distribution of the 
object. 
._ ___________________________ ____: ___ -- --
ｾＮ＠ '. ﾷｾ＠ . '".!;- • 
- 222 -
REFERENCES 
R. Allemand, C. Gresset, J. Vacher (·1980) J. Nucl. Med .. _?l, 153-155. 
R.E. Alvarez, A. Macovski .(1976) Phys. Med. Biol. 21, 733. 
H.O. Anger {1968) in Fundamental Problems in Scanning, A. Gottschalk, 
R.N. Beck (Eds.), Springfield, 111 pp.l95-211. 
N.A. Baily (1979) IEEE Trans. Nucl. Sci. NS-26(2), 2707-2709. 
H.H. Barret, W. Swindell (1982), Radiological Imaging, Academic Press. 
R.N. Beck, M.W. Schuh, T.D .. Cohen, .N. Lembares (1969) in Medical 
Radioisotope Scintigraphy, ｉａｅａｾ＠ Vienna, pp. 595-616. 
R.N. ｂ･｣ｫｾ＠ L.T. Zimmer, D.B. Charleston, P.B. Hoffer (1971} in 
Semiconductors in the Future of Nuclear Medicine, The Society of 
Nuclear Medicine, pp.92-113. 
R.N. Beck, L.T.-·Zimmer, D.B. Charleston, P.B. Hoffer (1972) IEEE Trans. 
Nucl. Sci. NS-18(3), pp.l13-178. 
R •. O. Bell, G. Entine, H.B. Serreze (1974) Nuc1 •. Instr .• Meth. 117, 
pp.267-271. 
H.A. Bethe, E. E. Salpeter. (l957) Quantum -Mechanics · of One and Two 
Electron .. Atoms, -Berlin-Springer. 
E.M. Socage (1921) Patent No. 536, 464, Paris. 
R.N. Bracewell (1956) Aust. J. Phys. 1' pp.l98-217. 
R.N. Bracewell, A.C. Riddle (1967) Astrophys. J. 150(2), ·pp.427-434. · 
A.B. Brill, J.A. Patton, R.J. Bag1an (1972) IEEE Trans. Nuc1. Sci . . 
. NS-19, PP-179-189. 
T.F. Budinger, G.T. Gu11berg (1974) Phys. Med. Biol. ｾＧ＠ pp.387-389. 
T.F. Budinger, S.E. Derenzo, G.T. Gullberg, W.L. Greenberg, R.H. Huesman 
. (1977) J. Comp. Assist. Tomog. JJLLl, pp.l31-145. 
Z.H. Cho, 0. Nalcioglu, M.R. Faruchi (1978) IEEE ｔｲ｡ｮｳｾ＠ Nucl. Sci. 
ｾ＠ NS-25(2), pp.952-955. 
D. Chu, L. Kaufman, K. Hosier, J. Hoenninger (1978) J. Comp. Assist. 
Tomog. 1, pp.586-593. 
M.L. Asual (1980) M.Sc. Medical Physics, Surrey. 
R.A. Brooks, G. Di Chiro {1975) Radiology 117, pp.56l-572. 
- 223 -
R.L. Clarke, G. Van Dyk (1969) in Medical Radioisotope Scintigraphy, 
IAEA, Vienna, pp.247-260. 
A.M. Cormack (1963) J. Appl. Phys . . 34, pp.2722-2727. 
J.A. Correia, R.H. Ackerman, .F. Buonanno, D. Kaufman.(1981) IEEE 
Trans. Nucl. Sci. NS-28, pp.S0-54. 
L.E. Crooks, L. Kaufman, P. Davis, H. Tosteson (1982) IEEE Trans 
Nucl. Sci. NS-29(3), pp. 1252-1257. 
S.E. Derenzo, T.F. Budinger, J.L. Cahoon, W.L. Greenberg, R.H. Huesman, 
T. Vuletich {1979) IEEE Trans. Nucl. Sci. NS-26(2), pp.2790-2793. 
S.E. Derenzo, T.F. Budinger, R.H. Huesman, J.L. Cahoon, T. Vu1etich 
(1981) .IEEE Trans. Nucl. Sci. NS-28(1), pp.81-89. 
D.J. De Rosier, A. Klug (1968) Nature 217, pp.l30-134. 
M.M. Dresser, G.F. Knoll {1972) IEEE · ｔｲ｡ｮｳｾ＠ Nucl. Sci •. NS-18(3), 
pp.266-272. 
L. Dubal, U. Wiggli (1977) J. Comp. Assist. Tomog. lill' pp.300-307. 
J.B.A. England, B.-D. Hyams, l. -Hubbel-ing, J.C. Vermeulen,· P. Weilhammer 
(1982) Nucl. ｉｮﾷｳ ｾ ｴｲ Ｍ Ｎ＠ Meth.l96;· pp.l49-151. -
G . . Entine, M.R. -Squillante, ﾷ ｈＮｂｾ＠ Serreze, E. Clarke (1981) IEEE Trans. 
Nucl. Sci-. NS-28(1 Ｉｾ＠ pp.558-562. 
R.D. Evans {1955) The Atomic· Nuc1eus; -McGraw-Hill. 
M.R. Faruchi {1978) in Workshop on Transmission and Emission Tomography, 
Seoul, pp.2-15. 
M.R. Faruchi {1981) IEEE Trans. Nuc1. Sci. NS-29(3), pp.1237-1249. 
P.F.C. Gilbert (1972) J. Theor. Biol. 36, pp.105-117. 
P.A. Glasow, B. Conrad, K. Ki11ig, W. Lichtenberg (1981) IEEE Trans. 
Nuc1. Sci. NS-28(1), pp.563-571. 
M. Goiten (1972) Nucl. Instr..Meth. 101, pp.509-518. 
R. Gordon, R. Bender, G.T. Herman {1970) J. Theor. Bio1. 29, pp.471-481. 
R. Gordon,.G.T. Herman (1974) .Int. Rev. Cytol. 38, pp.l11-151. 
G. Harding (1982) IEEE Trans. Nucl. Sci. NS-29(3), pp.1260-1265. 
Harshaw Chemie BV Catalogue - Radiation Detectors. 
D.J. Hawkes, D.F. Jackson ＨＱＹＸＰｽ Ｎ ｐｾｹｳＮ＠ Med. Bio1 • . 25(6}, pp.ll67-1171. 
ｾ＠ 224 -
W. Heitler (1953) The Quantum Theory of Radiation, Oxford. 
G.T. Herman (1972) Comput. Graphics Image ｐｲｯ｣･ｳｳｾＧ＠ pp.l23-144. 
G.T. Herman, S.W. Rowland (1973) Comput. Graphics Image ｐｲｯ｣･ｳｳｾＧ＠
pp.l51-178. 
G.T. Herman, S.W. Rowland {1978) Tech. Report No. 130, The State 
University of New York at Buffalo. 
K. Heydorn, W. Lada (1972) Anal. Chern. 44, p.2313. 
J.A. Hodgkinson, J.H. Howes., D.H.J. Totterdel1 (1978) AERE, Harwell-R 
9182. 
P.B. Hoffer, R.N. Beck (1971) in Semiconductor Detectors in the Future of 
Nuclear Medicine, The Society of Nuclear Medicine, pp.l31-143. 
E.J. Hoffman, ·M.E. Phelps, S.C. Huang, D. E. Kuhl, N. Crabtree, M. -Burke, 
S. Burgiss, R. Keyser, R. Highfill, C. Willi-ams (1981) · IEEE Trans 
Nucl. Sci. NS-28(1), 99-103. _·- --
F.F. Hopkins, I.L. Morgan, H.D. Ellinger, R.V. Klinksiek, G.A. Meyer, 
J.N. Thompson (1981) IEEE Trans. Nucl. Sci. ｎｓｾＲＸＨＲＩＬ＠ pp.l71]_-1_720. 
G.N. Hounsfield (1973) Brit. ---J . . Radio1. 46, pp.l016-1022: 
J.H. Hubble, W.J. Viegele, E-.A. Briggs, R.J.- Brown, D.T. Cromer, R.J. 
Howerton ( 197-5) J. Phys. Chern. Ref. Data i' p. 471. 
J. Huddleston (1980) AERE Harwell R-9766. 
ｉｾｇＮ＠ Hutchinson (1982) Private Communication. 
L. Kaufman, S.H. Williams, K. Hosier, J.H. Ewins {1979) IEEE Trans. 
Nucl. Sci. NS-26{1), pp.648-653. 
D.B .• Kay, J.W. Keyes, W. Simon (1974) J. Nucl. Med. _}i, pp.98l-986. 
M • . Kilgour (1982) Private Communication. 
K. Kouris, N.M. Spyrou {1978) Nucl. Instr. Meth. 153, 477-483. 
K. Kouris, N.M. Spyrou, D.F. Jackson (1981) Nuc1. Instr. Neth. 187, 
pp.539-545. 
R.P. Kruger (1981) IEEE Trans. Nucl. Sci. NS-28(2), pp.1721-1723. 
W.H.M. Ku, C.J. Hailey, M.H. Vartanian (1982) Nuc1. Instr. Meth. 196, 
pp.63-67. 
D.£. Kuh1, R.Q. Edwards (1963) Radiology_!"!, pp;653-661. 
- 225 -
D.E. Kuhl, J. Hale, W.L. Eaton (1966) Radiology 87, pp.278-284. 
D.E. Kuhl, R.Q. Edwards, A.R. Ricci (1973) J. Nucl . . Med. 14, pp.l96-200. 
D.E. Kuhl, R.Q. Edwards, A.R. Ricci (1976) Radiology 121, pp.405-413. 
M. Kurakado (1982) Nucl. Instr. Meth. 196, pp.275-277. 
R. Kurz, D. Protie R. Reinarte, G. Riepe (1977) IEEE Trans. Nucl. Sci. 
NS-24, pp.255-259. 
R. Kurz, K.D. Muller, F. Pfeiffer, W. Schafer, G. Will (1982) Nucl. 
Instr. Meth. 196, pp.279-281. 
'Ql. Leunbach (1977) in Medical Radionuclide Imaging, IAEA, Vienna p.263. 
A Levi, M. Roth, M. Scheiber (1982) IEEE Trans. Nucl. Sci. NS-29(1), 
pp.457-460. 
W. Mauderli, ｍＮｾＱＮ＠ Urie, L.T. Fitzgerald (1980) IAEA Int. Symp. on 
Medical Radionuclides in Imaging. 
J.A. Mcintyre {1980) J. Comp. Assist. Tomog. ｾＬ＠ pp.351-360. 
C.E. Metz, K. Doi (1979) Phys. Med. Biol. 24, pp.l079-ll06. 
G. Muehllehner, M.P. - Bu-chin; J-:H.Dudek ·(1976) IEEE Trans. :Nucl. ﾷ ｳ｣ ﾷ ［ｾ ﾭ
NS-23{1), pp.528-537. 
M.J. Myers, W.I. Keyes, J.R. Mallard (1972) in Medical Radioisotope 
Scintigraphy, IAEA, Vienna, pp.331-345. 
Y. Naruse, T. Kobayashi, M. Jimbo, T. Tanoue, T. Suzuki . {1981) IEEE 
Trans. Nucl. Sci. NS-28(1), pp.47-49. 
D. 0rtendah1, L. Kaufman, K. Hosier (1982) IEEE Trans. Nucl. Sci. 
NS-29{1), pp.784-788. 
J.A. Patton, R.R. Price, D.R. Pickens, A.B. Brill {1980) IEEE Trans. 
Nucl. Sci. NS-27(1), pp.421-424 • 
. M.E. Phelps (1977) Sem. Nucl. Med. z, pp.337-365. 
L.R. Price (1979) IEEE Trans. Nuc1. Sci. NS-26{2), pp.2736-2739. 
B.R. Pullan, R.A. Rutherford, I. Isherwood {1976) Proc. 7th L..H. Gray 
., Conf., Medical Images: Formation, Perception and Measurement. 
J •. Radon {1917) Mathematisch-Physische Klasse 69, pp.262-277. 
G.N. Ramachandran, A.V. Lakshiminarayan {1971) .Proc. Nat. Acad. Sci. 
USA 68, pp.2236-2240. 
- 226 -
R. Robertson, N.M. Spyrou, T.J. Kennet {1975) Anal. Chern. 44, pp.65-70. 
K. Rossmann, G. Lubberts, H.M. C1eare {1964) J. Optic. Soc. Am. 54, 
pp.l87-190. 
K. Rossmann {1968) Radiology 90, pp.l-13. 
K. Rossmann (1969} Radiology 93, pp.257-272. 
S. Routti, G. Prussin {1969) Nucl. Instr.Meth. 72, pp.l25-142. 
P.O. Rowley {1969) J. Opt. Soc. Am. 59, pp.l496-1498. 
E. Sakai (1982) ｎｵ｣ｾＮ＠ Instr. Meth. 196, pp.121-130. 
J.M. Sanders, N.M. Spyrou .(l982) Nuc1. Instr. Meth. 193, pp.79-86. 
J.M. Sanders, N.M. Spyrou .{l982a) Proc. World Congress on Medical 
Physics and Biomedical Engineering, Hamburg. 
J.G. Sanderson {1979) IEEE Trans. Nucl. ·Sci. NS-26(2}, pp.2685-2686. 
P.A. Schlosser, A.C. -De Vuono, F.-A. ·Kulacki, P. Munshi ·(1980} IEEE Trans • 
. Nucl. Sci. NS-27(1), pp.788-794. 
P. Schmidlin {1972) J. Nucl. Med. l:!_, Ｎ ｰｰＱ Ｚ ＱｾＱＶＮ＠
S. Schultz (1979) ·· IEEE ｔｲ｡ｮｳｾ＠ ·Nucl-. ·sc·i. NS-26(2), pp.27.22-2723. 
L.A. Shepp, B.F. Logan {1974) ｉｅｅｅ Ｎ ｔｲ｡ｮｳｾ＠ Nucl. Sci. NS-21, pp.21-43. 
L.A. Shepp {1980) J. Camp. · Assist. Tomog. i[!l·, pp.94-107. 
P.R. Smith, T.M. Peters, R.H.T. Bates (1973) J. Phys. A: Math., Nucl., 
ｇ･ｮＮＬｾ［＠ pp.361-383. 
R.S. Smith, W.F.D. Sampson, D.J. Warren {1981) Nucl. ｍ･ｾＮ＠ Commun. 2 
pp.21-25. 
M.P. Stevens, D.A. Newton {1979) AERE, Harwell, R-9463. 
J.A. Stokes, K.A. Alvar, R.L. Corey, D.G. Costello, J. John, S. Kocimski, 
N.A. Lurie, D.O. Thayer., A.P. Trippe, J.C. Young· {1981} Nuc1. Instr. 
Meth. 193. :· 
E. Storm, H.I. Israel {197o) Nuclear Data Tables A7, pp.565-681. 
D.}J. Sweeney (1972) App1. Opt •. 11(1}, pp.205-207. 
G.V. Walford {1972) Ph.D. Thesis, University of Surrey. 
J.J. Williams, G.F. Knoll {1979) IEEE Trans. Nucl. Sci. NS-26{2), -: . 
pp.2732-2735. 
S.H. Williams, D.W.G.S. Leith {1980) IEEE Trans. Nucl. Sci. NS-27(1), 
pp.493-495. 
- 227 -
B.K. Vainshtein, (1971) Sov. Phys.-Dokl 16(2), pp.66-99. 
B.K. Vainsbtein, A.M. Mikhailov (1972) Sov. Phys.-Crystall. lZi£1, 
pp.217-222. 
R.E. Zimmerman, B.L. Holman, F.H. Fahey, R.C. Lanza, C. Cheng, S. 
Treves {1981) IEEE Trans. Nucl. Sci. NS-28(1), pp.55-56. 
